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Global warming has been attributed to the CO2 emissions from large stationary sources like 
power plants. Various options like improving energy efficiency, renewable sources of energy 
are being advocated for reducing CO2 emissions. Carbon capture and storage (CCS) is 
considered as a potential near term solution for climate change mitigation and this involves 
capturing CO2 from sources like power plants and store the captured CO2 in appropriate 
geological formations. The most mature technology for CO2 capture is amine scrubbing 
which has been extensively used to separate CO2 from natural gas and hydrogen. However, 
this technology is energy intensive. Low energy penalty is an important criterion for judging 
the suitability of a process for CO2 capture from power plant flue gas in order to minimize its 
impact on electricity cost. Therefore alternate processes like adsorption and membrane 
separation are currently being explored to capture CO2 at a lower energy penalty. 
Most of the published studies in literature have focussed on capturing CO2 from a dry flue 
gas. The focus of the present study is to design and develop an adsorption process to capture 
CO2 from a wet, post-combustion flue gas at high purity, high recovery with low energy 
consumption. The adsorbents chosen for this study were zeolite 13X and silica gel and the 
samples were obtained from Zeochem AG, Switzerland. 13X zeolite is the current bench 
mark for CO2 capture studies from dry flue gas by adsorption. Silica gel was chosen as the 
desiccant to remove moisture after a comparative evaluation with activated alumina based on 
the review of available information. 
The single component adsorption isotherms of CO2 and N2 in zeolite 13X and silica gel were 
measured using a RUBOTHERM magnetic suspension balance. The CO2 adsorption 
isotherms were then fitted to a dual-site Langmuir isotherm model and the nitrogen isotherms 
on zeolite 13X and the CO2 and N2 isotherms on silica gel were well described by a single 
site Langmuir isotherm. Dynamic column breakthrough experiments were then conducted to 
verify the single component adsorption isotherms. The binary equilibrium was obtained from 
mass balance of binary breakthrough experiments and the results were in good agreement 
with the perfect positive correlation of the dual-site Langmuir isotherm obtained from single 
component isotherm parameters. For silica gel, the binary equilibrium was described by the 
extended Langmuir isotherm. 
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The capture of CO2 from a dry flue gas containing 15% CO2 and 85% N2 was demonstrated 
on a pilot plant scale. Binary breakthrough experiments using the aforementioned feed were 
first conducted in columns packed with 41kg of zeolite 13X. Each of these columns was 
0.867 m in height and 0.3 m in diameter. The exit composition, exit flow rate, pressure and 
temperature were monitored with time. Temperature profiles in the breakthrough experiments 
showed long plateaus which are typical of an adiabatic system. Basic 4-step vacuum swing 
adsorption (VSA) process comprising pressurization with feed, high pressure adsorption, 
blowdown and evacuation steps was investigated first using a single bed. The performance of 
the VSA process was analysed by CO2 purity, CO2 recovery, productivity and energy 
consumption. The effect of adsorption step duration and blowdown pressure on purity and 
recovery were also studied. In an attempt to improve the performance of the basic 4-step 
cycle, a 4-step cycle with light product pressurization (LPP) was studied and improvements 
were observed. With this cycle configuration, 95% purity and 90% recovery were achieved 
and this is the maiden pilot plant study to achieve the purity-recovery target in a single stage. 
The pilot plant experiments were then used to validate a non-isothermal non-isobaric model. 
The model equations were converted to a system of ordinary differential equations (ODEs) 
by high-resolution finite volume technique and the equations were solved in MATLAB 
software. Good agreements between the experimental and theoretical results were observed.  
Along with CO2 and N2, the flue gas also contains moisture, which can affect the 
performance of the VSA process. The moisture content in flue gas is around 3% and the flue 
gas can be saturated with upto 10% moisture when the temperature is around 50°C. In the 
present work, a flue gas containing 3% moisture at 25°C was chosen to study the capture of 
CO2 from a wet flue gas using the 4-step VSA process with light product pressurization 
(LPP). It was seen that the moisture had pushed the CO2 front deeper in the column which 
resulted in increased losses in the adsorption and blowdown steps. In this case, an increase in 
energy consumption was observed due to additional energy expended to remove moisture 
from the column. In order to reduce the energy consumption for CO2 capture from a wet flue 
gas, a dual-adsorbent, 2-bed, 4-step VSA process was proposed. The first column was packed 
with silica gel and the second column was packed with zeolite 13X. Detailed optimization 
studies were carried out to minimize the energy consumption in the proposed VSA process 
and a significant improvement in energy consumption in comparison with the VSA process in 
a single 13X bed was observed. 
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Overview of the current research 
The increase in CO2 concentration in the earth’s atmosphere due to anthropogenic activities 
has been acknowledged as the major cause for global warming. Bulk of the CO2 emissions 
come from combustion in power plants employing non-renewable energy sources like coal 
(IPCC, 2005). Carbon capture and storage (CCS) is one proposed possible solution for 
mitigating the effects of climate change. The present work is undertaken to design a suitable 
adsorption based process for CO2 capture and concentration from large stationary sources like 
power plant flue gas.  
1.1. Enhanced greenhouse effect 
Solar rays penetrate the earth’s atmosphere and warm its surface. This energy is radiated back 
into the earth’s atmosphere as long range infra-red radiation. Gases like CO2, methane, water 
vapour, ozone etc. absorb a part of this radiation, while rest of the energy is radiated into 
outer space. This phenomenon is called the natural greenhouse effect, which is necessary to 
maintain a suitable temperature for life to sustain in the planet. In the last two centuries 
anthropogenic activities like industrialisation and deforestation have caused a tremendous 
increase in concentration of greenhouse gases in the earth’s atmosphere, with CO2 
concentration increasing by 100 ppm since industrial revolution. Very recently, the average 
CO2 concentration in the earth’s atmosphere reached 400 ppm, which can be seen from 
Figure 1.1. The increase in CO2 concentration has resulted in an increase in the absorbance of 
the reflected radiation thus increasing the average temperature of the earth. This is called 
enhanced greenhouse effect or global warming. 
The various sources of CO2 emissions are given in Figure 1.2. It can be seen that, 35% of the 
global CO2 emissions come from power generation using fossil fuels (Davison and 
Thambimuthu, 2005). Other major sources include transportation and manufacturing and 
construction activities. It is therefore important to reduce the emissions from these sources to 





Figure 1.1: Average CO2 concentration in the earth's atmosphere. Source: Scripps institution of oceanography. 
The intergovernmental panel on climate change has estimated that 7-70% decrease in global 
emissions is essential in order to maintain the atmospheric CO2 concentrations below 550 
ppm by 2100 (IPCC, 2005). In this way, increase in average temperature of the earth’s 
atmosphere can be limited to 2.8-3.2°C above the pre-industrialization level by the end of the 
current century (IPCC, 2007). 
 
Figure 1.2: Major sources of CO2 emissions (Davison and Thambimuthu, 2005). 
Various options are being currently being explored to reduce CO2 emissions from these 
sources. The first option is to improve the energy efficiency. Switching from coal to natural 
gas which emits lot lesser CO2 can reduce emissions by 50%. Complete substitution of fossil 
fuels with wind energy, solar energy, geothermal energy etc. is another possible long term 
solution. However, switching from fossil fuels to clean and renewable sources of energy is 
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limited by various technical, economic and social factors and reducing emissions in a large 
scale is not possible only by clean and renewable sources of energy (Rubin, 2009). It has 
been estimated that coal will still contribute to 28% world’s energy demands in 2030, thereby 
increasing the emissions by 57% (Haszeldine, 2009). One possible solution which can enable 
significant reduction in CO2 emission, even with the continuous usage of fossil fuels is 
carbon capture and sequestration (CCS) (IPCC, 2005; Rubin, 2009). The schematic of CCS is 
shown in Figure 1.3. This involves the capture of CO2 from large point sources like power 
plants, compress the captured CO2 and store them in appropriate geological formations for a 
long time. Enhanced oil recovery (EOR) and coal bed methane recovery (CMR) are two 
possible applications that might benefit from the stored CO2 (IPCC, 2005). Mineral 
carbonization for landfill applications has been gaining considerable attention in Singapore 
(Khoo et al., 2011). 
 





1.2. Power generation and capture technologies. 
Power plants mostly run on natural gas or coal and the combustion process may use air or 
enriched oxygen. Based on the type of cycles employed and the fuels used, the capture 
process may be classified into the following types (Davison and Thambimuthu, 2005; Olajire, 
2010): 
1. Pre combustion CO2 capture 
2. Post combustion CO2 capture 
3. Oxy-fuel combustion 
1.2.1. Pre combustion capture 
Pre combustion CO2 capture is a part of the new generation integrated gasifier combined 
cycle (IGCC) or natural gas combined cycle (NGCC) power plants. IGCC/NGCC process, 
schematically shown in Fig 1.4, involves three steps. In the first step, hydrocarbon fuel like 
gasified coal or methane is subjected to steam reforming, which yields water gas, which is a 
mixture of CO and hydrogen. The water gas is then sent to a shift convertor, where CO reacts 
with steam to produce a mixture of CO2 and H2.  Finally, the CO2 is separated from hydrogen 
and the latter is used to produce energy. Hydrogen, upon burning, leaves water as the residue. 
The advantage of the pre combustion capture is that, carbon dioxide is available at high 

























1.2.2. Post combustion capture 
Most of the present generation power plants burn fuel like coal or natural gas in a furnace 
along with air, to raise steam in order to drive turbines and the schematic is shown in Figure 
1.3. The flue gas from combustion contains CO2, H2O, N2, SOX and NOX. This is then sent to 
a desulphurization unit to remove the SOX and NOX. In case of a pulverized coal plant, the 
resultant flue gas contains 10-15% CO2, 5-10% H2O and a large amount of nitrogen. Power 
plants which use natural gas as fuel emit flue gas with even lower CO2 content, typically 3-
4%. The advantage of post combustion capture is that the capture unit can be retrofitted to the 
power plant. In this case, unlike the IGCC process, power generation can continue even if the 
capture unit breaks down. However, the relatively low concentration of CO2 and the presence 



















Figure 1.5: Post combustion carbon capture process.  
1.2.3. Oxy-fuel combustion 
In the oxy-fuel combustion process shown in Figure 1.6, the fuel is burnt in pure oxygen, 
unlike the conventional combustion processes where the fuel is burnt in air. In this way, high 
flame temperatures are possible, besides reduction in the fuel consumption. Another major 
advantage of this process is that the combustion products are CO2 and water vapour and thus 
the need for an elaborate capture process is eliminated. However, additional costs are 
incurred due to air separation and high temperature materials for boiler construction, which 
could affect the capital and the operating costs of the power plant (Davison and 
Thambimuthu, 2005; Olajire, 2010). By combining the benefits of fuel combustion with 
partially enriched oxygen and capturing CO2 from a high concentration stream, it could be 
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possible to achieve a lower cost configuration rather than using oxy-fuel combustion or post 












Figure 1.6: Oxy fuel combustion process. 
1.3. Impact of CCS on power generation 
The efficiency of a power plant with and without capture is shown in Figure 1.7. It can be 
seen that the capture process reduces the efficiency of a power plant. The decrease in 
efficiency is due to the additional energy requirements for the capture unit. The drop in 
efficiency is higher for a pulverized coal plant, followed by the IGCC and the NGCC plants. 
The addition of capture unit to a power plant increases the fuel requirement and the cost of 
power generation. In case of a pulverized coal plant, the fuel requirement increases by 24-
40% (IPCC, 2005) while the cost of power generation increases by 0.02 to 0.05 USD as 
shown in Table 1.1.  By combining the benefits of enhanced oil recovery, the increase in the 
cost of power generation can be curtailed to some extent. The major costs components of 
CCS are given in Table 1.2. Clearly, the capture process contributes to a bigger share in the 
total cost associated with CCS. 
Table 1.1. Cost of power generation with CCS (IPCC, 2005) 
Power plant NGCC (USD/kWh) PC (USD/kWh) IGCC (USD/kWh) 
Without capture 0.03-0.05 0.04-0.05 0.04-0.06 
With CCS 0.04-0.08 0.06-0.10 0.05-0.09 
With CCS& EOR 0.04-0.07 0.05-0.08 0.04-0.07 
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From the above discussion, it can be seen that the addition of a capture unit affects the 
efficiency and the cost of power generation. Therefore, significant breakthrough is needed in 
the capture process in order to make CCS economically viable.  
 
 
Figure 1.7: Decrease in power plant efficiency with CCS (Hammond et al., 2011). 
Table 1.2: Cost of individual components in CCS (IPCC, 2005). 
Components Costs(USD/tonne CO2) 




Geological storage 0.5-8 
Ocean Storage 5-30 
Monitoring 0.1-0.3 







1.4. Current capture technologies 
Currently, four different technologies are being explored for carbon capture and 
concentration (CCC). These are absorption, cryogenic separation, membrane separation and 
adsorption. 
1.4.1. Absorption 
Absorption is a well-known and mature technology used in industries for several years 
(Davison and Thambimuthu, 2005; Steeneveldt et al., 2006). The schematic of absorption 
separation process is shown in Figure 1.8 and it involves the usage of a solvent to capture 
CO2 and the solvent is then regenerated to recover CO2 at high concentrations. The most 
widely used solvent for absorption process for CO2 capture is mono ethanol amine. 
Commercial processes like KS-1, Fluor and PSR can concentrate CO2 to about 90% (Bhown 
and Freeman, 2011; Steeneveldt et al., 2006). Absorption process, despite being well 
established, suffers from inherent disadvantages. First of all, the solvents have limited 
loadings, which limit productivity. Secondly the energy requirement for solvent regeneration 
is quite high, due to the high heat of absorption (Davison and Thambimuthu, 2005; Meisen 
and Shuai, 1997). The process requires large volumes of solvents and cost of replacing the 


























Figure 1.8: Schematic of an absorption process. 
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1.4.2. Cryogenic separation 
In cryogenic separation shown in Figure 1.9, the flue gas is compressed to a high pressure 
and then sent to a heat exchanger for cooling, where liquefied CO2 is obtained and gaseous 
nitrogen leaves from the top of the system. Cryogenic processes are inherently energy 
intensive. Moreover, the presence of moisture in the flue gas is detrimental as it freezes and 






LIQUID CO2  
Figure 1.9: Schematic of a cryogenic separation process after flue gas desulphurisation. 
1.4.3. Membrane separation 
Membrane separation is another alternative technology that is currently being explored for 
CO2 capture from power plant flue gas. Membranes have been used for hydrogen separation 
and CO2 separation from hydrocarbon gases in industries. A variety of membranes like 
inorganic, organic, ceramic and absorption membranes have been developed. The schematic 
of a membrane separation process is shown in Figure 1.10. This involves the diffusion of the 
flue gas across the membrane and pressure difference is maintained between permeate and 
feed sides, in order to separate CO2 from other flue gas constituents. Although membrane 
separation process is simpler to design, it suffers from the following drawbacks. Current 
membranes have limited selectivity, which limits the enrichment in a single stage operation 
(Steeneveldt et al., 2006). This might lead to the addition of a secondary separation unit, 
which could add to the capture and operating costs. Gas absorption membranes also have 
their own disadvantages. Like absorption units they also suffer from solvent degradation and 









Figure 1.10: Schematic of a membrane separation process. 
1.4.4. Adsorption process 
Adsorption process exploits the ability of porous solids to concentrate gases in the solid phase 
and different affinities for different gases. Air separation (Farooq and Ruthven, 1991; Wilson 
et al., 2001), drying of air (Ritter and Yang, 1991), hydrogen separation from fuel gases 
(Malek and Farooq, 1998; Sircar and Golden, 2000) and hydrocarbon separation (Grande and 
Rodrigues, 2005) are examples of industrial applications of adsorption process. Adsorption 
processes are broadly classified as pressure swing (PSA) and temperature swing (TSA) 
adsorption processes. In a PSA process, the adsorption takes place at high pressures and 
desorption occurs at atmospheric pressures, whereas in TSA process, desorption is facilitated 
by heating. If the cycle switches between adsorption at atmospheric level and desorption at 
vacuum then it is called vacuum swing adsorption (VSA) process. Pressure vacuum swing 
adsorption (PVSA) cycles have adsorption step at pressures above atmospheric and 
desorption under vacuum. 
In case of a TSA process, long cycle times are required for the adsorption bed to cool down, 
which could affect the throughput of the process. Unless, the potential of waste heat 
utilization is realised, TSA is not a viable alternative for CO2 capture. 
PSA processes are generally classified according to the controlling selectivity into 
equilibrium kinetically controlled PSA processes. In an equilibrium controlled PSA process, 
the separation is achieved based on the difference in equilibrium of the two components 
being separated. The strongly adsorbed component is retained in the solid and is separated 
from the weakly adsorbed component. Air separation using zeolites is an example of 
equilibrium PSA process (Sircar and Golden, 2000). In a kinetically controlled PSA, the 
separation is achieved by the difference in diffusion rates of the gases. Example of a 
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kinetically controlled PSA processes are air separation for nitrogen production (Hassan and 
Ruthven, 1986) and separation of nitrogen-methane mixture (Fatehi et al., 1995), both using 
carbon molecular sieves.  
The early PSA cycles were developed for the recovery of the less strongly adsorbed species 
(raffinate product). One such cycle was developed by Skarstrom in 1960 and is known as the 
Skarstrom cycle (Ruthven et al., 1994). It is a simple, 2-bed, 4-step, PSA process consisting 
of the following steps: Pressurization, adsorption, counter-current blowdown and counter-
current purge. The sequence of operation of the Skarstrom cycle is shown in Figure 1.11. In 
step 1, bed 2 is pressurized with the feed from the feed end. The product end of bed 2 is 
enriched with the light component. Bed 1 simultaneously undergoes counter current 
blowdown. The purpose of this step is to desorb the strongly adsorbed component. 
Blowdown in the concurrent direction prevents contamination of the product end by the 
heavy component. In step 2, feeding to bed 2 continues; heavy component is retained in the 
bed and the light component is withdrawn from the product end. A part of this light product is 
used to purge bed 1 which is at a low pressure after the blowdown step. The adsorption step 
is allowed to continue till the breakthrough of the strongly adsorbed species. Steps 3 and 4 
are the same as steps 1 and 2, but the beds are now interchanged. This whole sequence 
constitutes one cycle of the Skarstrom process. It is important to note that the Skarstrom 
process designed for light product recovery does not produce high purity extract product. 
Several modifications have been proposed to the Skarstrom cycle to improve its performance. 
Cen and Yang (Cen and Yang, 1986) proposed the addition of a co-current blowdown step 
after the adsorption step. Here, the bed is blowndown from the product end. With this 
modification, the purity of the extract product and the recovery of the raffinate product can be 
improved. Another modification proposed to the Skarstrom cycle is the addition of the 
pressure equalization (Berlin, 1966) step and the schematic is shown in Figure 1.12. After the 
high pressure adsorption step in bed 2 and the purge step in bed 1, both these beds are 
connected through their product ends to equalize the pressure. The gas at high pressure from 
one bed is used to pressurize the other bed, thereby conserving energy. Moreover, the gas is 
also rich in the light product which conserves separative work and improves the raffinate 
recovery. The addition of the rinse step is another modification, where the bed is purged with 
the heavy component to improve the extract purity. 
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Figure 1.12: Modified Skarstorm cycle with pressure equalisation proposed by Berlin (1966). 
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Several adsorption based cycles specific to CO2 capture have been studied in the literature 
and some of these cycles are summarized in Table 1.3.  
It was earlier mentioned that the flue gas contains 10-15% CO2, 5-10% H2O and balance N2. 
Pressurizing the flue gas with such large amounts of nitrogen may not be economically 
attractive. Therefore, a vacuum swing adsorption (VSA) process, which alters between 
adsorption at atmospheric pressure and desorption at vacuum, is a suitable choice for CO2 
capture from flue gas. To design an effective separation process, it is necessary to choose a 
proper adsorbent. The adsorbent must have a high capacity and a high selectivity for CO2. 
Zeolite 13X is one such adsorbent which exhibits high CO2 capacity and selectivity (over 
nitrogen). 
Most of the published simulation studies have neglected the presence of moisture in the flue 
gas. The underlying assumption in these studies is moisture will be removed first before the 
dry flue gas is sent for CO2 capture. The saturated moisture content as a function of the dry 
bulb temperature is shown in Figure 1.13. It can be seen that about 3.2% moisture will be 
present in flue gas at 25°C and higher moisture concentrations upto 12% are possible when 
the temperature of flue gas is about 50°C. Amongst the cycles listed in Table 1.3, only (Li et 
al., 2008), studied CO2 capture in presence of moisture. In their experiments, they had studied 
the capture of CO2 from wet flue gas by a VSA process using 13X zeolite and observed that 
the performance dropped considerably in the present of moisture. It is therefore essential to 
eliminate moisture from the flue gas before it comes in contact with the 13X bed. In order to 
remove moisture, a separate guard bed of a suitable desiccant may be used that will be 
thermally regenerated periodically. Activated alumina and silica gel are potential desiccants 
for this purpose. The inventory of the desiccant may be very large in order to make a TSA-
VSA hybrid process continuous. The alternative is to use a dual-adsorbent VSA process using 
a desiccant and 13X either layered one after another in a single bed or in two separate beds 







Table 1.3: CO2 capture by adsorption: Published studies. 
Author Adsorbent CO2 
composition 
(%) 
Type of cycle Purity, 
Recovery (%) 
(Kikkinides et al., 
1993)* 
Activated carbon 17 4-step VSA 99, 68.4 
(Chue et al., 
1995)* 
Zeolite 13X 16, 26 7-step PSA 99, 70 
(Ko et al., 2005)* Zeolite 13X 15 4-step PSA 88.94, 96 
(Zhang et al., 
2008) 
Zeolite 13X 12 6-step /9-step 
VSA (3 beds) 
80, 83/95,70 
(Diagne et al., 
1995) 
Zeolite 13X 15 Dual reflux PSA 95, 95 
(Liu et al., 2012) Zeolite 5A 15 3 bed, 7-step 85, 79 
(Ishibashi et al., 
1996) 
Zeolite 13X 15 2 bed PTSA/PSA 99, 90 
(Cho et al., 2004) Zeolite 13X 10.5 2 bed PSA 99, 80 
(Shen et al., 2011) Activated carbon   15 Two stage VPSA 95.4, 73.6 
(Li et al., 2008) Zeolite 13X 15% CO2 , 3.4% 
moisture  
3-step VSA 72.4 ,60 
































Dry bulb temperature (°C)  
Figure 1.13: Saturation moisture content in flue gas at ambient pressure (Shallcross D.C., 1997) 
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1.5. Objective and scope of the thesis 
From the aforementioned discussion, it can be seen that vacuum swing adsorption (VSA) on 
selective adsorbents is a potential technology for capturing and concentrating CO2 from flue 
gas for sequestration. However, most of the published studies consider dry flue gas for CO2 
capture. The present study has been undertaken to design a VSA process that captures CO2 at 
95% purity, 90% recovery, in the presence of moisture with minimum energy penalty. Zeolite 
13X and silica gel were chosen as the adsorbents for this study. The specific objectives were: 
1. In the first step, a detailed study of single component isotherms of CO2 and N2 on 
zeolite 13X and silica gel was carried out using a gravimetric apparatus. The single 
component isotherms were then fitted to a dual-site Langmuir isotherm model. 
Dynamic column breakthrough experiments were then conducted to verify the single 
component isotherms obtained by gravimetry. Binary breakthrough responses were 
then used to validate the predictions of the extended dual-site Langmuir model for 
binary adsorption. 
2. Owing to the high capacity of CO2 over N2 in zeolite 13X, the adsorbent was then 
used in a pilot plant study to capture CO2 from a dry flue gas containing 15% CO2 and 
balance nitrogen. Binary breakthrough experiments were first conducted with the 
aforementioned feed. Cyclic VSA experiments were then performed and the 
performance of the VSA process was studied by means of purity, recovery, energy 
consumption and productivity. The effect of operating conditions on purity and 
recovery was also studied. 
3. The pilot plant experiments were then used to validate a non-isothermal, non-
isobaric model. The solution to the model equations were obtained by the use of 
appropriate numerical scheme. The simulated results were then used to explain the 
underlying physics in the pilot plant experiments. 
4. The model equations for the binary system were then extended to a ternary system 
to design an adsorption based process for CO2 capture. A modified 2-bed VSA 
process consisting of two beds separately packed with silica gel and zeolite was 
proposed and this cycle configuration was then optimized to arrive at an operating 
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configuration with minimum energy penalty and satisfying the purity-recovery 
constraints. 
1.6. Outline of the thesis 
Chapter 2 reviews the equilibrium and kinetic data of CO2 and N2 in important adsorbents. In 
addition to that, published studies on CO2 capture by adsorption based processes are also 
reviewed in this chapter. A brief description of the equilibrium isotherm measurements, 
verification of the single component data and validation of the binary adsorption data are 
presented in chapter 3. In chapter 4, pilot plant demonstration of CO2 capture from a 
synthetic dry flue gas is reported. Modeling and simulation of the pilot plant experiments are 
also discussed in chapter 5. The capture of CO2 from wet flue gas along with optimization 
results are discussed in chapter 6. Major conclusions from this work and recommendations 



















In the previous chapter, an overview of carbon capture and storage was provided. In the 
present chapter, adsorption based cycles for CO2 capture from flue gas will be reviewed. 
Measurement of adsorption isotherms on various adsorbents will be discussed briefly. 
2.1. Adsorption based cycles for CO2 capture from flue gas 
Adsorption processes are broadly divided into pressure and temperature swing adsorption 
processes. In a temperature adsorption swing process, the bed is regenerated by heating the 
bed to a high temperature at which capacities of the adsorbent for the adsorbates are 
practically negligible. In pressure swing adsorption, desorption is achieved by reducing the 
pressure at a constant temperature. The basic difference in the modes of operation of these 


























Figure 2.1: Pressure swing adsorption (PSA) vs. temperature swing adsorption (TSA). 
Several experimental and theoretical studies on adsorption based processes for post 
combustion CO2 capture are available in literature. Kikkinides et al. (1993) simulated a 4-step 
pressure vacuum swing adsorption (PVSA) process for capturing CO2 from a dry flue gas 
containing 17% CO2. The schematic of the process shown in Figure 2.2 comprises of the 
following steps, pressurization with light product, high pressure adsorption, high pressure 
purge and blowdown. Activated carbon and carbon molecular sieve (CMS) were chosen as 
the adsorbents. They had assumed adiabatic operation and the simulations were carried out 
using feed temperatures of 25, 60 and 80°C, respectively. For the case of CO2 and N2 
adsorption on CMS, which is a kinetically selective adsorbent, a pore diffusion model was 
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used to describe the mass transfer between the gas and the solid phases. The rate equation can 
be describe as 
2
2
i e iq D qr
t r r r
   
  
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            (2.1) 
where De is the effective intraparticle diffusivity. 
In case of activated carbon, a simpler model was used where the adsorbed phase was assumed 







           (2.2) 
It was shown from simulations that activated carbon performed better in terms of purity and 
recovery. The high pressure was fixed at 1.2 atm and the low pressure was 0.1 atm. The 
duration of each step was 4 minutes. The best performance obtained was 99.99% purity and 



































Figure 2.2: 4-step PVSA cycle simulated by Kikkinides et al. (1993) 
Chue et al. (1995) had simulated a 3 bed, 7-step PVSA process for CO2 capture from flue gas 
containing 16% and 26% CO2 by volume and the schematic is shown in Figure 2.3. The steps 
in the PVSA process were pressurization with feed, high pressure adsorption, co-current 
depressurization, recovery, product purge and evacuation. In the first step, the bed was 
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pressurized from low pressure, PL, to high pressure, PH, with the feed. Feeding continued in 
the adsorption step and the bed was then depressurized to atmospheric pressure to remove the 
nitrogen from the voids. In the recovery step, the feed came from a column which underwent 
the purge step. The product purge step was separated into two steps. Step 1 of the product 
purge was carried out till the breakthrough of CO2 front and the other step was carried out till 
complete saturation of the adsorption bed. Finally, the bed was evacuated to low pressure to 
obtain CO2 product at high purity. The model equations were similar to ones used by 
Kikkinides et al. (1993) The performance of the PSA process was studied by indicators 
namely product purity, recovery and productivity. The effect of purge to feed (P/F) ratio and 
the feed rate, which was defined as the amount of feed in pressurization and adsorption steps 
per unit mass of the adsorbent per time, was also studied. It was found that the cycles with 
zeolite 13X as the adsorbent yielded a higher purity. The optimal purge to feed (P/F) ratio for 
zeolite 13X for feed CO2 concentrations of 16 and 26% were 0.5 and 0.4, respectively. They 
had obtained a purity of 99% and a recovery of 70% when CO2 concentration was 26%. In 





























































Figure 2.3: 3-bed, 7-step VSA process studied by Chue et al. (1995). 
Ko et al. (2005) optimized a 4-step PSA and a 4-step PVSA process for capturing CO2 from 
flue gas containing 15% CO2 and 85% N2 using 13X zeolite as the adsorbent. The 4-step PSA 
process comprised of pressurization, high pressure adsorption, counter-current 
depressurization and counter-current purge. The PVSA process was made of the following 
steps: pressurization, high pressure adsorption, co-current blowdown to intermediate pressure 
and counter-current evacuation to low pressures. The optimization was carried out using a 
non-isothermal, non-isobaric model. The mass transfer rate equation was described by a 
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linear driving force model (LDF) model (Glueckauf, 1955). The LDF approximation is of the 
form: 







                                                                                                                                 (2.3) 
 ki is the lumped mass transfer co-efficient which accounts for the resistances due to 
macropore, micropore and external fluid film. In this work, the authors assumed a macropore 
controlled process accounting for both molecular and Knudsen diffusion. The feed 
temperatures chosen were 50 and 97°C, respectively. For the PSA process at 50°C, the best 
performance was 56% purity and 97.5% recovery. 72% purity and 94.5% recovery was 
achieved when the feed temperature was taken to be 97°C. In both the cases, the optimum 
feed pressure (PH) was 14 bar. In case of the PVSA process, the best performance of 90% 
purity and 93% recovery was attained when the feed pressure (PH), intermediate pressure (PI) 
and low pressure (PL) were 6.8 bar, 0.7 bar and 0.14 bar, respectively. Agarwal et al. (2010) 
performed superstructure based optimization to study post combustion CO2 capture. With 
zeolite 13X as the adsorbent, they had studied 2-bed, 6-step and 2-bed, 8-step cycles which 
included both light and heavy reflux steps. 95% purity and 90% recovery was possible in the 
2-bed, 6-step PSA process. The energy consumption of this process was 637 kWh/tonne CO2 
captured. In the 2-bed, 8-step process, 90% purity and 85% recovery was achieved at a power 
consumption of 465 kWh/tonne CO2 captured. Haghpanah et al. (2013b) performed cycle 
synthesis to obtain cycle configurations which can give 95% purity and 90% recovery at 
minimum energy penalty. The adsorbent that was chosen for their study was zeolite 13X. 
They had chosen the following cycles namely, basic 4-step VSA, 4-step VSA with light 
product pressurization (LPP), 5-step VSA with light product pressurization (LPP) and light 
reflux (LR), 6-step cycle with light product pressurization (LPP), light reflux (LR) and heavy 
reflux (HR) and 6-step cycle with pressure equalisation (PE) and HR. It was found that, the 6-
step cycle with LR and HR gave very high purity-recovery values of 98.5% and 99.4%. The 
minimum energy consumption of 154 kWh/tonne CO2 was achieved in the case of the 4-step 
cycle with LPP. 
Gomes and Yee (2002) studied a Skarstrom cycle on 13X zeolite with dry flue gas. An 
isothermal, isobaric model was used for their study. The fluid flow was described by a 
dispersed plug flow model and LDF model was used to correlate the mass transfer resistances 
between the solid and the gas phases. In the experimental study, a ternary mixture of CO2 (10 
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% and lower), nitrogen (30% and higher) and helium was used. Helium was used as a diluent 
to study the effect of inert on the separation. Effects of various process variables were studied 
with focus on raffinate (nitrogen) product purity. It should be noted that the original 
Skarstrom cycle with raffinate purge is not suitable for obtaining high purity extract product. 
Diagne et al. (1995) studied carbon dioxide separation from air-CO2 mixtures by means of a 
PSA process with a column containing both rectifying and stripping sections. This process is 
called as a dual reflux (DR) PSA process. The feed is introduced at an intermediate position 
thereby dividing the column into rectifying and stripping sections. The rectifying section 
provides an enriched gas while the stripping section is used to recover the product from the 
lean gas stream. The steps of the DR-PSA process are schematically shown in Figure 2.4. 
Each cycle contains two adsorbent beds. The bed to which the feed is admitted undergoes 
feed step and the other bed is purged. Pure lighter product A is obtained from the top of bed 1 
while the heavy product is delivered from the bottom of bed 2. A fraction of the heavier 
product is used to reflux bed 2 at high pressure (PH) and the heavier product is refluxed to bed 
1. In the third step, the bed 2 is blown down to low pressure. Simultaneously, the first bed is 
pressurized to PH. In this work, the authors have studied the PSA process on zeolite 13X 
using a dry feed containing 20% CO2 and 80% N2. Effects of reflux ratio and the position of 
the feed inlet were studied. The optimum reflux ratio was found to be between 0.3 and 0.6 
and the position of the feed inlet was around 40 to 60% of the total bed length. At these 


















Figure 2.4: Dual Reflux PSA process. 
Zhang et al. (2008) studied a 3-bed, 9-step VSA process with heavy reflux and pressure 
equalization steps and a 3-bed, 6-step process that incorporated pressure equalization alone 
for carbon capture from a feed stream containing 12% CO2 and 88% N2. The adsorbent 
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chosen for their study was zeolite 13X.The desorption pressure in both the runs was 0.05 bar. 
With the 9-step process, 95% purity and 70% recovery, with an energy consumption of 155 
kWh/tonne CO2 was achieved. In case of the 6-step process, 80% of CO2 was captured with a 
purity of 83%. The overall energy consumption of this process was 124 kWh per tonne CO2. 
In addition to theoretical studies and lab scale experiments, pilot scale CO2 capture process 
have also been demonstrated in literature. Ishibashi et al. (1996) employed a two-stage 
process in a pilot plant to capture CO2 from a power plant flue gas with Ca-X zeolite. In the 
first stage, a pressure-temperature swing adsorption process (PTSA) was studied, where the 
adsorption took place at atmospheric pressure and desorption was carried out by simultaneous 
heating and depressurization. In the first stage, they were able to concentrate the flue gas 
stream to 60 mol% CO2. In the second stage, employing a PSA process, 90 mol% CO2 
recovery with 99% purity was achieved. The overall energy consumption was 560 kWh/tonne 
CO2 captured. Cho et al. (2004) studied a two-stage PSA process with zeolite 13X for a flue 
gas containing 10.5 mol% CO2. The major steps involved in their process were adsorption, 
pressure equalization, blowdown, low pressure purge and feed pressurization. Their first 
stage gave an enriched stream containing 63.2 mol% CO2 with a recovery of 92.4%. This 
stream was then concentrated to 99% in the second stage with 88% recovery. The overall 
recovery of the process was 80% and experimental power consumption was 1.26-1.52 
kWh/Nm
3
CO2 (641.5- 770 kWh/tonne CO2 captured). Na et al. (2001) studied a 3-bed, 8-step 
PVSA process to capture CO2 from a flue gas containing 17% CO2, 79% N2 and 4% O2. The 
8 steps in their PVSA process were pressurization, adsorption, co-current blowdown, co-
current pressure equalization (as a donor bed), product purge, vacuum desorption and 
counter-current pressure equalization (as a receiver bed). The high pressure during adsorption 
step was 1.5 bar and the desorption step was carried out at 0.1 bar. They had first studied a 
basic 4-step PVSA process using activated carbon as adsorbent and the purity and recovery 
values were 48% and 72%, respectively. Upon the addition of the co-current pressure 
equalisation step, the purity improved to 68.8% and the recovery was 73.9%. Further, when 
product purge was added, the purity improved to 91.2% and the recovery dropped to 46.1%. 
Maximum purity of 99.8% was achieved but the recovery was around 34%. Liu et al. (2012) 
used zeolite 5A to study the capture and concentration of CO2 from a dry flue gas using a 3-
bed, 7-step PVSA process. The major steps involved in their process were pressurization and 
high pressure adsorption, co-current depressurization, heavy product rinse, blowdown, purge 
23 
 
and pressure equalization. With this cycle configuration, 79% of the CO2 was captured with 
85% purity. The overall energy consumption of this process was 2.37 MJ/kg of CO2 captured 
(656 kWh/tonne CO2 captured). Lu et al. (2012) studied the capture of CO2 from a dry flue 
gas in a 3-bed, 7-step, single stage process which involved adsorption, blowdown, 
evacuation, purge, rinse and two pressure equalization steps. The adsorbent used in their 
study was zeolite 13X. The best result achieved from this cycle was 85% purity and 80% 
recovery with an energy consumption of 440 kWh/tonne CO2 capture. In a follow up work 
(Lu et. al., 2013), they employed a 2-stage pressure vacuum swing adsorption (PVSA) 
process. The first stage, comprising 3 beds, employed a 5-step VSA process consisting of the 
following steps: pressurization, adsorption, rinse, blowdown and purge steps. With 13X 
zeolite as the adsorbent, this stage was able to achieve a CO2 purity of 73-82% and a recovery 
of 85-95%. The second stage used a 2-bed, 6-step VSA process with activated carbon beads 
and concentrated CO2 to 95% with an overall recovery of 90%. The steps involved in the 
second bed were pressurization, adsorption, blowdown, purge and pressure equalization. The 
total energy consumption of this cycle configuration was 675 kWh/tonne CO2.Webley and 
co-workers (2013) have demonstrated the capture of CO2 with 6-step and 9-step VSA 
processes from a feed containing 12% CO2 and 88% N2 using zeolite 13X as the adsorbent. 
With the 9-step process, 95% purity and 85% recovery were achieved, and the energy 
consumption was 387 kWh/tonne CO2. In the 6-step process, 85% of CO2 was captured with 
a purity of 83%. The overall energy consumption of this process was 249 kWh/tonne CO2. 
Apart from PSA and VSA processes, few TSA processes have also been discussed in 
literature. Tlili et al. (2009) studied an electric thermal swing adsorption process (ETSA). The 
experimental work was performed with zeolite 5A as the adsorbent. The wall of the column 
was heated to desorb CO2.  They had also considered evacuating the bed in order to recover 
the product. A dry flue gas containing 13% CO2 by volume was used. The desorption 
temperatures studied in this work were 150 and 210°C. Three different cycle types were 
considered. In the first case, the regeneration of the bed was carried out by in situ electrical 
heating. In the second case, desorption was performed by heating followed by a nitrogen 
purge. Finally, the performance of the cycle was studied when only vacuum was used to 
regenerate the bed. About 99% purity and 80% recovery were achieved when desorption was 
carried out purely by heating the column to 210°C. The recovery improved to 98% by 
employing a combination of heating and nitrogen purge but the purity was very low. When 
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the purge step was substituted with desorption by vacuum, a high purity CO2 product (~99% 
purity) was obtained at a recovery of 85%. In another work, Grande and Rodrigues (2008) 
studied the capture from a feed containing 4.51% CO2, which is the typical concentration in 
the flue gas from natural gas combustion cycle (NGCC). They had used activated carbon 
monolith and the heating was facilitated by applying a low voltage electric current through 
the column. This process is known as the electric swing adsorption (ESA) process. The 
experiments comprised 4 steps. In step 1, the column was fed at high pressure and the feeding 
was stopped just before the breakthrough experiment. In the next step, the column was heated 
to 423 K. Subsequently, heating was stopped and inert gas was introduced into the column 
from the product end to facilitate desorption. In the final step, the flow rate of the inert gas 
was increased to expedite the cooling process. The total cycle time was around 9 minutes. 
The best purity and recovery values obtained were 22.72% and 43.38%, respectively. This is 
far from the DOE requirements of 95% purity and 90% recovery (DOE-NETL, 2012). 
All these cycles discussed above have considered only dry flue gas. It was mentioned earlier 
in chapter 1 that the flue gas typically contains 5-10% moisture and it is therefore essential to 
include the presence of moisture while studying the post combustion CO2 capture. Li et al. 
(2008) studied a 3-step VSA cycle for capturing CO2 from a flue gas containing 12% CO2, 
3.4% H2O and 84.6% air with zeolite 13X as the adsorbent. The purity and recovery achieved 
in this cycle were 72% and 60%, respectively. Under the same operating conditions, a purity 
of 69% and recovery of 78% was achieved for a dry flue gas. The performance deterioration 
was due to the reduction in capacity of CO2 due to the co-adsorption of H2O. The former was 
adopted by Zhang et al. (2009) to study 6-step and 9-step VSA processes to capture CO2 from 
a feed containing 13% CO2, 0.05% H2O and rest nitrogen. CDX alumina and zeolite 13X in 
30:70 ratio, and 13X and F-200 activated alumina in 40:60 ratio were used. A vacuum level 
of 0.03 bar was achieved. The 9-step cycle gave a higher recovery due to longer evacuation 
time. 
2.2. Adsorption isotherms 
For any adsorption based separation process, the important component is the adsorbent. The 
adsorbent used for CO2 capture from flue gas must satisfy the following requirements (Choi 
et al., 2009; Ruthven, 1984) 
1. High CO2 adsorption capacity 
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2. High CO2 selectivity 
3. Fast adsorption and desorption kinetics 
4. Good mechanical strength 
5. Ability to retain the capacity even after repeated cycling 
The information about capacity and selectivity can be obtained from adsorption isotherms. 
The adsorption isotherms of CO2, N2 and H2O in a selected few adsorbents will be reviewed 
here. 
2.2.1. Activated Carbon 
Activated carbons are microporous and mesoporous materials which have been traditionally 
used in processes like water purification, decolorizing sugar and other air purification 
systems (Ruthven, 1984). Activated carbons are relatively cheaper compared to other 
adsorbents and are produced from sources like coal, coke pitch, coconut shells, etc. (Choi et 
al., 2009). The use of activated carbons in PSA processes for CO2 capture was discussed in 
the previous section. The adsorption isotherms of CO2 and N2 were measured by Kikkinides 
et al. (1993) on a thermogravimetric analyzer (TGA) in a commercial activated carbon 
sample and the isotherm data was fitted to a Langmuir model. By volumetric method, Na et 
al. (2001) had obtained the single component isotherms of CO2 and N2 in activated carbon. 
Isotherms were measured from 15-55°C for pressures ranging from 0-2 atm. The isotherms 
data was then fitted to the Langmuir-Fruendlich and the Sips isotherm models. Zhang et al. 
(2010) reported the adsorption isotherms of CO2 in activated carbon for pressures upto 30 
bar. The adsorption isotherms were measured using a magnetic suspension balance and the 
isotherms were fitted to the Langmuir isotherm model. Representative adsorption isotherms 
of CO2 and N2 in activated carbon are shown in Figure 2.5 and it can be seen that the CO2 
capacity is much higher than nitrogen. 
2.2.2. Zeolites 
Zeolites are crystalline substances with the chemical composition 
   2 2 2.zH Ox x y
n




































  298 K
 
 
Figure 2.5: Adsorption isotherms of CO2 (open symbols) and N2 (closed symbols) in activated carbon at 298 K 
extracted from the work of Kikkinides et al. (1993).  
The zeolites are made of tetrahedral frameworks of silica and alumina. Around 170 natural 
and synthetic zeolites exist, the prominent types being zeolite A, X and Y(Choi et al., 2009; 
Yang, 2003). In A zeolites, the ratio of Si/Al is typically 1 while in zeolites X and Y the Si/Al 
ratio varies between 1 and 5. Zeolites have found several industrial applications like air 
separation and hydrocarbon separation and these materials are known to have high adsorption 
capacities for CO2. Siriwardane et al. (2005) had measured the adsorption isotherms of CO2  
at 120°C and for pressures upto 20 bar in 5 different zeolites namely 4A, 5A, APG-II, WE-G 
592 and 13X, and it was found that amongst these zeolites 13X had the highest capacity for 
CO2. The adsorption isotherms of CO2 in zeolite 13X was measured by Wang and LeVan 
(2009) using a volumetric apparatus shown in Figure 2.6. In this set up, a known amount of 
gas was injected into the system and was circulated using a magnetic pump. The gas 
concentrations were periodically monitored using a gas chromatograph (GC) and once the 
system reached equilibrium, the temperature was lowered and this procedure was repeated till 
the lowest temperature was reached. The amount adsorbed was determined by mass balance. 
The isotherms were measured for a wide range of temperatures ranging from -45 to 175°C 
and for pressures upto 40 kPa. Their isotherm data was well described by a toth isotherm 
model. Cavenati et al. (2004) had measured the adsorption isotherms of CO2 and N2 at high 
pressures using a gravimetric apparatus, the schematic of which is shown in Figure 2.7. In 
this gravimetric apparatus, the weight of the sample was tracked as a function of time and the 
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equilibrium loading was obtained from the final weight. The isotherms were measured in the 
range 0-50 bar for 3 different temperatures of 25°C, 35°C and 50°C. The isotherm data was 
fitted to toth and multi-site Langmuir models. The CO2 capacities were comparatively higher 
than that of nitrogen which indicated that this material was highly selective to CO2. Xiao et 
al.(2008) had used a volumetric apparatus to measure the adsorption isotherms of CO2 and N2 
at 20°C, 70°C and 90°C for pressures from 0-1.3 bar and the data was fitted to the dual-site 
Langmuir model. The isotherms of CO2 and N2 in zeolite 13X are shown in Figure 2.8 and it 
can be seen that the capacity of CO2 in zeolite 13X is much higher than nitrogen. Comparing 
with the CO2 isotherm in Figure 2.5, it is also concluded that CO2 adsorption is much 
stronger in zeolites than in activated carbon. 
The adsorption isotherms of water vapour on zeolite 13X was measured by Kim et al.(2003) 
Using a static volumetric apparatus, they had measured the adsorption isotherms at 20°C, 
40°C, 60°C and 80°C, respectively, for pressures upto 2.3 kPa. To account for the multilayer 
adsorption, the adsorption isotherms were then fitted to the Aranovich-Donohue (A-D) form 
of Langmuir, Toth, Sips and UNILAN isotherm models and the n-layer BET model. It was 
found that the adsorption isotherms were well described by the Sips isotherm model. Wang 
and LeVan (2009) had also measured the adsorption isotherms of water vapour on zeolite 
13X using the volumetric apparatus shown in Figure 2.6. The isotherms were measured for 
temperatures ranging from 0-100°C and the data was described by the Toth model. 
Comparing Figures 2.8 and 2.9, it can be seen that the adsorption of H2O in 13X is much 
stronger than that of CO2. The presence of moisture in flue gas can affect the adsorption of 
CO2, thereby affecting the performance of the capture process. Therefore, one possible 
solution is to use guard beds packed with suitable desiccants prior to the 13X bed in order to 
remove moisture from flue gas. Silica gel and alumina are two such adsorbents that have 
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Figure 2.8: Adsorption isotherms of CO2 (open symbols) and N2 (closed symbols) in zeolite 13X extracted from 









































Figure 2.9: Adsorption isotherms of water vapour in zeolite 13X (Wang and LeVan 2009). 
2.2.3. Silica gel 
Silica gel is an amorphous material obtained by the polymerisation of colloidal silicic acid. It 
is known to show good selectivity for phenols and aromatic hydrocarbons and it is used in the 
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Arosorb process to separate aromatic hydrocarbons from paraffins (Ruthven, 1984). Silica gel 
has been widely used as a desiccant due to its very high capacity for moisture. Moreover, the 
regeneration temperatures are quite low (around 150°C) in comparison with zeolites which 
should be regenerated at very high temperatures (~350°C) to completely remove the adsorbed 
moisture (Yang, 2003). LeVan and Wang (2009) have investigated the adsorption of water 
vapour and carbon dioxide on silica gel. The carbon dioxide isotherms were measured by 
gravimetry. The isotherms were measured at temperatures ranging from 10-55°C and for 
pressures in 0-1 bar range. Volumetric apparatus shown in Figure 2.6 was used to obtain the 
isotherms of water vapour. The adsorption isotherms were obtained from 0 to 75°C and for 
pressures upto 0.025 bar. The Toth isotherm model was used to fit the isotherms of CO2 and 
H2O in silica gel. The results are presented in Figures 2.10 and 2.11. It is clear that silica gel 
has a very high capacity for water vapour at moderate temperatures and low partial pressures. 
The H2O adsorption is stronger when compared to the adsorption of CO2. It is also important 
to note that the CO2 adsorption capacity is considerably lower in silica gel in comparison 












































































Figure 2.11: Adsorption isotherms of water vapour in silica gel (Wang and LeVan 2009). 
2.2.4. Activated alumina 
Another adsorbent that is been studied for removing moisture from gases is activated 
alumina. One of the commercial grades of alumina is F-200 activated alumina. Li et al. 
(2009) and Serbezov (2003) have performed adsorption isotherm studies on activated 
alumina F-200. Li et al.(2009) studied the adsorption of carbon dioxide, nitrogen and water 
vapour on this adsorbent. The pure component CO2 and N2 isotherms were obtained by the 
gravimetric method. The isotherms of water vapour were measured using an isothermal 
adsorption unit shown in Figure 2.12, which used both gravimetric and volumetric methods. 
The major components of the adsorption unit included a bubbler and a 12 ml adsorption 
cylinder. The vapour was generated by bubbling dry air through the bubbler. The weight 
change of the water bubbler and the concentration of water vapour at the exit of the 
adsorption column were measured. The equilibrium loading was calculated by mass balance. 
By a similar technique, the CO2-H2O binary isotherms were also measured. The capacity for 
CO2 was much lesser than that of water as seen from Figures 2.13 and 2.14. The CO2 
adsorption capacity in alumina F-200 is also much lower than that in zeolite 13X. Nitrogen 
was found to be nearly inert in F-200 alumina. Isotherms of pure CO2 and CO2-H2O binary 
isotherms were described by the simple Langmuir isotherm and its extended form, 
respectively. A Langmuir-BET model was used to fit the isotherm of water vapour. It can be 
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seen from Figure 2.14 that the loading was initially favourable but showed inflexion at higher 
pressure. With an increase in pressure, there was a progressive filling of mesopores resulting 
in capillary condensation, due to which the pores became filled with the condensed vapour. 
During desorption the mesopores were not emptied completely. This gave rise to a different 
desorption path way, which is known as hysteresis and this is shown in Figure 2.15. In a PSA 
process, hysteresis is not desirable as it reduces the working capacity of the adsorbent. Thus 
care must be taken to keep the moisture partial pressure below the advent of capillary 




















Figure 2.12: Schematic of the adsorption isotherm apparatus used by Li et al. (2009), to measure the adsorption 
isotherms of water vapour on F-200 activated alumina. P, T, and H denote pressure transducer, thermocouple 


















































































































Figure 2.15: Adsorption hysteresis observed in F-200 activated alumina (Serbezov, 2003). 
2.3. Conclusions 
1. From the above discussion it can be seen that there are very few published studies that 
have fully analysed the effect of moisture in flue gas on the adsorption based CO2 
capture process. This is an important area for a detailed investigation. 
2. TSA processes can also be used to capture carbon dioxide from power plant flue gas. 
However, longer times are required to heat and cool the column and thus results in a 
longer regeneration step. To have continuity in the process without reduction in the 
CO2 throughput, large number of beds may be required.  
3. 13X zeolite has significantly higher high capacity for CO2 over nitrogen. The capacity 
for CO2 in 13X zeolite is also is much higher than in silica gel and alumina. All three 
adsorbents, however, exhibit very high capacities for water vapour. 
4. The objective of the thesis is to design a VSA process that can capture and 
concentrate CO2 from wet flue gas with a minimum energy penalty. Hence a dual-
adsorbent process consisting of desiccant and 13X zeolite combination deserves 
consideration. Given the tendency of capillary condensation for moisture adsorption 
in alumina starting at very low pressure, silica gel appears to be a better choice as the 





ADSORPTION EQUILIBRIUM  
In the previous chapter, several adsorption based processes specific to CO2 capture have been 
discussed in detail. The adsorption isotherms of CO2 and N2 on various adsorbents were 
presented and it was seen that zeolite 13X has a high CO2 capacity and selectivity. It was also 
shown that the adsorption capacity of water is much higher in zeolite 13X, which could affect 
the adsorption of CO2. By using suitable desiccants like silica gel, the moisture can be 
eliminated from the flue gas. In the present chapter, detailed measurements of single 
component isotherms of CO2 and N2 in Zeochem zeolite 13X and silica gel are presented. 
The isotherms were measured for a wide range of temperatures and pressures. Dual-site 
Langmuir model was then used to fit the adsorption isotherm data. The single component 
data was verified by performing dynamic column breakthrough (DCB) experiments. Binary 
breakthrough experiments were also performed to study the competitive adsorption of CO2 
and N2. 
3.1. Materials  
The adsorbents used in this study were obtained from Zeochem AG, Switzerland. The 
adsorbents were in the form of beads 1.6-2.6 mm, and 2-3 mm in diameter for Zeolite 13X 
and Silica gel, respectively. Helium (99.95 % purity), nitrogen (99.95% purity), carbon 
dioxide (99.8% purity) were obtained from Soxal, Singapore. 
3.2. Magnetic suspension balance 
The equilibrium isotherms were measured using a RUBOTHERM gravimetric apparatus 
shown in Figure 3.1. This consists of a gas dosing system and a magnetic suspension balance. 
The dosing system is provided with manual valves for gas dosing, and sensors for pressure 
and temperature measurements. The balance consists of a permanent magnet, to which the 
sample basket and a calibrated titanium sinker are attached. This permanent magnet is 
coupled with an electromagnet by contactless magnetic suspension. The distance between the 
two magnets is a measure of the weight of the system.  
There are three different vertical positions, namely zero point, measuring point 1 and 
measuring point 2, which are shown in Figure 3.2. The zero point is where the suspension 
part (metal hook) alone is lifted. In position 1, referred to as the measuring point 1, the basket 
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is lifted while the titanium sinker remains static. The measuring point 1 is a measure of the 
weight of the sample. In position 2, both the sinker and the basket are lifted. This measuring 








Figure 3.1: Rubotherm magnetic suspension balance. 
 
Figure 3.2: Various measurement positions in magnetic suspension balance. Source: Rubotherm Manual. 
In the gravimetric apparatus, a known amount of adsorbent, msorb, with a volume Vsorb is 
placed in the sample basket. The mass and volume of the metallic parts are mmet and Vmet, 
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where m
s
 denotes the mass of the adsorbed molecules and ρb is the bulk density. The term 
ρbV0 in the above equation denotes the buoyancy correction. The volume of the solid parts, 
V0, is obtained by helium measurements. The amount adsorbed, mads, at a given pressure and 
temperature is given by 
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where m0 is the apparent mass at vacuum. 
The bulk density can be measured by 
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M2 (ρ, T) denotes the mass measured at the measuring point 2. 
3.2.1. Operating procedure 
About 1g of Zeochem 13X was taken and placed in the sample basket. The sample was 
regenerated in situ for 8 hours at 350°C under vacuum. For measuring the adsorption 
isotherm of CO2 and N2 in silica gel, about 1g of the sample was taken and regenerated at 
150°C for 8 hours. After regeneration, the sample was then maintained at constant 
temperature by circulating silicone oil through the reactor vessel which enclosed the 
adsorbent basket. The initial weight at vacuum at the constant temperature was recorded. 
Prior to actual experiments, the volume of solid parts, V0, was obtained by helium 
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After the helium measurement, the adsorbate was introduced into the system by manual 
dosing. The weight change was tracked with time and once equilibrium was attained, the 
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system pressure was lowered to a new value. Coming down in steps from a high pressure 
instead of going up in steps from a low pressure was found to be a better way for controlling 
the system pressure effectively. This procedure was then continued till the lowest pressure 
was reached. The procedure was repeated at other temperatures. The continuous data logging 
was carried out by using the software MESSPRO®.  
3.2.2. Analysis of isotherm data 
The isotherm data obtained from the gravimetric apparatus was then fitted to a dual-site 
Langmuir model, which accounts for heterogeneity in adsorption sites. The dual-site 
Langmuir model is of the form: 
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The model parameters were obtained by the simultaneous fitting of the isotherm data over the 
entire range of temperatures for each individual gas. Mean squared error (MSE) was used as a 
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where N is the total number of points in the isotherms. 
The CO2 and N2 isotherms in zeolite 13X and silica gel along with the model fits are shown 
as a function of the pressure for several temperatures in Figures 3.3 and 3.4, respectively. It 
can be seen that the capacity of CO2 is much higher than nitrogen in zeolite 13X, which 
suggests that, this adsorbent is a suitable candidate for carbon capture from flue gas. The 
capacity of CO2 is higher than nitrogen in silica gel as well, but the adsorption capacities are 
much lower than those in zeolite 13X. The model fits were in good agreement with the 
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experimental data, which can be seen from Figures 3.3 and 3.4. The adsorption isotherm 
parameters for CO2 and N2 are shown in Table 3.1. From this table it can be seen that the heat 
of adsorption values are much higher for CO2 than N2, which is expected due to the higher 
quadrupole moment of the former. It is also clear that single site Langmuir model was 
adequate for N2 adsorption in zeolite 13X and for both gases in silica gel. The mean squared 
error values are provided along with the isotherm parameters, which are one to two orders of 
magnitude lower for N2 in zeolite 13X and CO2 and N2 in silica gel compared to CO2 in 
zeolite 13X.  In general, the MSE values are sufficiently low to suggest that the model was 
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Figure 3.3: CO2 (open symbols) and N2 (closed symbols) adsorption isotherms in Zeochem zeolite 13X. The 
lines denote model fits. 
Table 3.1: Adsorption isotherm parameters of CO2 and N2 in Zeochem zeolite 13X and silica gel 
Parameter Zeolite 13X Silica gel 
 CO2 N2 CO2 N2 
qsb(mol/m
3












ΔUb (kJ/mol) -36.64 -15.82 -27.11 -12.12 
qsd(mol/m
3
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Figure 3.4: CO2 (open symbols) and N2 (closed symbols) adsorption isotherms in Zeochem Silica gel. The lines 
denote model fits. 
The adsorption isotherms of CO2 obtained in our work was also compared with other CO2 
isotherms available in literature at identical temperatures and these are shown in Figure 3.5. It 
can be seen from this figure that the isotherms obtained in our sample (Zeochem 13X) and 
those obtained in Grace Davison zeolite 13X were almost similar. The capacity of CO2 in 
another material (CECA 13X) was considerably lower which can be attributed to variability 
in materials. 
 




Further, our isotherm measurements were repeated for a few pressures with a different batch 
of sample for both the adsorbents and these results are shown in Figure 3.6. It can be seen 
that there was a good reproducibility in the measurements. Additionally, these isotherms were 
validated by dynamic column breakthrough (DCB) experiments which will be discussed in 
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3.3. Dynamic column breakthrough (DCB) 
The dynamic column breakthrough apparatus shown in Figure 3.7 was available in the 
laboratory of a research collaborator. It was used to check the equilibrium data in zeolite 13X 
and silica gel obtained from gravimetric method. A 0.5 m long column, with an inner 
diameter of 0.032 m (outer diameter 0.04 m) was packed with 300 g of the adsorbent. For the 
experiments with silica gel, a shorter column, 0.31 m long with 0.032 m inner diameter (0.04 
m outer diameter) was used. The column was immersed in an insulated water bath, the 
temperature of which was controlled by a thermostat (Julabo CF-41). Three mass flow 
controllers for CO2, N2 and He (Brooks 5850E, 0-5 SLPM) were used to supply gas at a 
constant flow rate in desired compositions to the column. Two pressure transducers placed at 
the inlet and exit were used to monitor the pressure changes during the course of the 
experiment. The exit flow rate was measured by a flow meter (Brooks 5860E) located near 
the column exit. Four K-type thermocouples were inserted along the axis of the column to 
measure the temperature changes during the breakthrough. The exit gas composition was 
analysed by a mass spectrometer (Hiden HPR 20). A metering valve was used to withdraw a 
small portion of the gas from the column exit and supply it to the mass spectrometer. The 
system pressure was controlled by a back pressure regulator (Swagelok KFB series, 0-10 
bar). The output signals from the mass flow controller, pressure transducers and flow meters 
were connected to a data acquisition card (National Instruments, NI 9211) while the 
thermocouples were connected to a separate data card (National instruments, NI 9213).The 
solenoid valves were turned on using a LABVIEW software (Version 9.0 f3), which also 
processed and stored the data acquired by the data cards in a computer. The data from the 




Figure 3.7: Dynamic column breakthrough apparatus.
 
3.3.1. DCB operating procedure 
Before each experiment, the column was regenerated at 350°C for 8 hours outside using a 
heating jacket and simultaneously pulling vacuum followed by helium purge. The 
regenerated column was then mounted back on to the breakthrough setup and the column was 
immersed in the water bath maintained at a constant temperature. The solenoid valve was 
turned on and the carrier gas, helium was flown through the column at a known flow rate. 
When the column attained the desired experimental temperature, a step change in feed 
concentration (by introducing with CO2 or N2) was introduced and the exit concentration, 
flow, pressure and column temperatures were monitored with time. For the desorption runs, 
the flow was switched back to the carrier flow at the end of the adsorption runs. Prior to each 
experiment, the flow meter and the flow controllers were calibrated with the help of a flow 
calibrator (Bios Drycal definer 220) to ensure that the set points were accurate. Flow 
controller calibration is detailed in appendix A. Acquisition of data from various sensors has 
been discussed in the previous section.   
3.3.2. Analysis of the breakthrough experimental profiles 
Representative CO2 and N2 breakthrough profiles on zeolite 13X are shown in Figure 3.8 and 
3.9 respectively. The CO2 breakthrough in the column was very slow indicating the high 
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capacity of CO2 in zeolite 13X. In case of the nitrogen breakthrough experiment under 
similar concentration, the breakthrough is much faster owing to the relatively lower capacity 
of nitrogen in zeolite 13X. It can be seen from the profiles in Figures 3.8 and 3.9, that the exit 
flow rate initially decreased due to the adsorption and increased when breakthrough occurred 
and it reached the feed flow rate when the breakthrough was complete. The temperature 
profiles in the 4 thermocouples are also shown and a sequential rise and fall of temperatures 
can be seen. The maximum temperature rise for the CO2 experiment shown in Figure 3.8 was 
about 40°C, which is expected due to the high heat of adsorption for CO2 in zeolite 13X. The 
nitrogen breakthrough was nearly isothermal, indicated by the small rise in the temperature 
profiles shown in Figure 3.9. All the thermocouples returned to the initial/feed temperature 
when the breakthrough was complete. Hence, during the desorption runs, desorption of the 
adsorbed gas resulted in a temperature drop below the initial/feed temperature. The initial 
flow rate was higher due to desorption and the flow rate subsequently decreased with time 
ultimately reaching the inlet flow when the desorption was complete. In case of the nitrogen 
experiment shown in Figure 3.9, the adsorption and desorption curves are symmetrical about 
the mean residence time (t~155 s), which is typical of a linear isotherm. In case of a non-
linear isotherm favourable for adsorption like CO2 adsorption in zeolite 13X, desorption is 
not favourable. As shown from Figure 3.8, the desorption curve is not symmetrical about the 
mean residence time and the composition profile of the CO2 desorption breakthrough curve 
has a long tail. The asymmetric desorption of CO2 attenuated the temperature change, but it 





































































































































































































Figure 3.9: Adsorption and desorption profiles of N2 breakthrough at 298 K. 
3.3.3. Validation of single component and binary adsorption equilibrium 
After examining the qualitative features of the dynamic column breakthrough profiles, these 
responses were then used to verify the single component isotherms obtained by gravimetry. 
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The equilibrium amount adsorbed was calculated by performing mass balance around the 
column using the inlet and exit flow rate and composition information in the following 
manner: 
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The results from the dynamic column breakthrough experiments are shown in Figures 3.10 
and 3.11. A good agreement was observed between the two measurements.  
In addition to the validation of the single component equilibrium, the dynamic column 
breakthrough apparatus was also used to study the competitive adsorption of CO2 and N2 in 
zeolite 13X, in order to validate the adequacy of extended dual-site Langmuir model for 
predicting binary adsorption using single component parameters. According to Ritter et al. 
(2011), similar molecules, like CO2 and N2, have the same high energy site, which is called 
perfect positive (PP) correlation. For dissimilar molecular molecules, the high energy site for 
one gas is the low energy site for the other, which is called perfect negative (PN) correlation. 
For perfect positive correlation, the extended dual-site model takes the following form: 
2 2 2 2 2 2
2 2 2 2 2 2 2 2
,CO CO CO ,CO CO CO*
CO CO CO CO1 1
sb sd
i
N N N N
q b C q d C
q
b C b C d C d C
 
   
                                                        (3.15)    
For perfect negative correlation, the form of the extended dual site model is 
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                                                  (3.16)                                    
In the binary breakthrough experiments, the column was initially saturated with nitrogen and 
the bed was perturbed with a feed containing known CO2 concentration. Like the single 
component breakthrough experiments, mass balance was performed around the column to 
obtain the CO2 amount adsorbed under binary conditions. The results are shown in Figures 
3.12 and 3.13. The amounts adsorbed obtained from experiments are compared with the 
positively correlated extended dual-site Langmuir model and a good match between 
experimental results model predictions is observed. In case of zeolite 13X, the perfect 
negative correlation was also tested, but the difference was insignificant due to the very high 



























 298K  323K
 DCB
 
Figure 3.10: Validation of isotherms obtained by gravimetry for CO2 (open symbols) and N2 (closed symbols) 
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Figure 3.11: Validation of isotherms obtained by gravimetry for CO2 (open symbols) and N2 (closed symbols) 






































Figure 3.12: Validation of the extended dual-site Langmuir model for binary adsorption of CO2 and N2 on 









































Figure 3.13: Validation of the extended dual-site Langmuir model for binary adsorption of CO2 and N2 on 
Zeochem Silica gel.  The experimental results are from binary dynamic column breakthrough (DCB) 
experiments.  
3.4. Conclusions 
1. The adsorption isotherms of CO2 and N2 on Zeochem zeolite 13X and silica gel were 
obtained by gravimetry. 
2. CO2 showed a much stronger adsorption capacity in both the adsorbents than nitrogen. 
However, the capacity of CO2 in zeolite 13X was higher than silica gel. The single 
component data was well described by the dual-site Langmuir model for CO2. The single site 
Langmuir model was adequate for N2 in zeolite 13X and for both gases in silica gel 
3. Breakthrough experiments were conducted in order to verify the single component 
isotherms obtained by gravimetry. A good agreement was observed between the results from 
two experimental methods. 
4. Limited validation of the positively correlated extended dual-site Langmuir model for 
binary adsorption was carried out by performing binary breakthrough experiments and it was 





PILOT PLANT DEMONSTRATION OF CO2 CAPTURE FROM A DRY FLUE GAS 
In this chapter, the experimental demonstration of CO2 capture from a dry synthetic flue gas 
containing 15% CO2 and 85% N2, in a pilot plant scale is discussed elaborately. Binary 
breakthrough experiments were first carried out with the above mentioned feed. In the next 
step, cyclic adsorption processes, namely basic 4-step VSA process and 4-step VSA process 
with light product pressurization (LPP) were carried out. CO2 purity and recovery, energy 
consumption and productivity were the indicators for analysing the performance of the cyclic 
VSA experiments. The experimental trends and the performance of the VSA process are 
presented. 
4.1. Description of the pilot plant set up 
A simplified schematic of the pilot plant is shown in Figure 4.1 while some representative 
snapshots provided in the appendix B. The pilot plant was equipped with two identical 
adsorption columns with 0.3 m internal diameter and a wall thickness of 0.02 m. Each of the 
two columns was packed upto 0.867 m of height with  ~41 kg of Zeochem 13X zeolite 
adsorbent (bed voidage of 0.428 and particle size in the range 1.6– 2.6 mm). Both columns 
were fitted with custom-built distributors to ensure that the feed was well distributed in the 
radial direction. The columns were mounted onto the main panel carrying the piping, valves 
and pressure sensors. Two mass flow controllers (Brooks 5850 E) were used to supply CO2 
and N2 at the desired flow rates. Thermocouples were inserted along the column at 4 axial 
positions (0.043 m, 0.28 m, 0.51 m and 0.75 m from the bottom distributor plate) to measure 
transient temperature profiles during the experiments. The pressures at the inlet and outlet of 
the columns were measured using the pressure transducers located at both ends of the 
column. The exit CO2 compositions were analysed using infrared CO2 analysers (Quantek 
instruments, model number 906) calibrated at 0-5%, 0-50% and 0-100% ranges for the high 
pressure adsorption, blowdown and evacuation steps, respectively. Two vacuum pumps 
(EVISA E-65 and E-100) were used for the blowdown and evacuation steps. The exit flow 
rates were measured by flow meters (Teledyne Hastings, HFM-200) calibrated at 0-1800 
SLPM for the blowdown and 0-250 SLPM for evacuation step. The flow meters were located 
as close as possible to the vacuum pumps. Two dedicated power meters (Lutron DW 6093) 
were used to continuously measure power consumptions of the two vacuum pumps, the only 
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power consuming equipment in the unit. The solenoid valves located near the inlets and 
outlets of the columns were used to switch between the different steps in the cyclic 
experiments. All the solenoid valves, flow controllers and meters, pressure transducers, 
thermocouples and CO2 analyzers were connected to a programmable logic controller (PLC) 
manufactured by General Electric Corporation for implementing the cyclic operation, 































Figure 4.1: A schematic of the pilot plant. SV- solenoid valve, PT-pressure transducer, FM-flow meter, FC-flow 
controller, A1-A3-CO2 analysers, T1-T4-thermocouples, VP1 and VP2-Vacuum pumps. 
4.2. Breakthrough experimental study 
The column was packed with the adsorbent using a powder flex unit (Dietrich powder flex 
100) which helped maintain a uniform distribution of the adsorbent in the column. After 
packing, the column was regenerated in a specially designed facility at 350°C for 8-10 hours. 
In order to avoid heat loss and obtain a uniform temperature along the length of the column 
during regeneration, the column was insulated with 2 inch thick glass wool pads. The column 
was subsequently cooled to ambient temperature, mounted onto the skid, and connected to 
the feed and product lines by flexible hoses. Adsorption breakthrough experiments were 
carried out by first saturating the column with pure N2 and then introducing a feed containing 
15% CO2 and 85% N2.Once the breakthrough was complete, desorption was started by 
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switching back to pure nitrogen flow. The total inlet flow rate in all the breakthrough runs 
was kept at 1000 SLPM. It should be noted that thermal regeneration was carried out only 
once during the entire period of operation that lasted for 15 months. The column was 
regenerated by nitrogen purge for 12-15 hours before each experiment.  
Breakthrough experiments were carried out in both the columns and the results of these runs 
are discussed in this section. Figure 4.2 shows representative breakthrough curves from 
column 1. The long plateaus at thermocouples T2-T4 clearly indicated that the column 
diameter was large enough to attain adiabatic behaviour. Any significant heat loss from the 
columns in the radial direction would prevent the formation of such temperature plateaus. 
The temperature plateaus reached close to 110°C during adsorption and 0°C during 
desorption, which are expected due to the high enthalpy for CO2 adsorption on zeolite 13X. 
The lower temperature rise recorded by the first thermocouple, T1, was most likely due to the 
influence of the distributor plate, which was only 0.043 m away. The CO2 composition at the 
column outlet shows two transitions. The first transition around 600 s, a sharp jump from 0 to 
12 mol% CO2, was a consequence of the adiabatic thermal front. The second transition 
around 4000 s, a gradual transition from 12 to 15 mol% CO2, corresponded to the complete 
elution of the thermal front from the adiabatic plateau back to the initial temperature. 
Consequently, the second transition closely followed the drop in the temperature of the 4
th
 
thermocouple, T4, which was nearest to the column exit where the CO2 concentration was 
monitored.  
To verify the first thermocouple reading was genuine and not a result of malfunction, 
breakthrough experiments were performed by swapping thermocouples T1 and T3 and it can 
be seen from Figure 4.3 that the temperature responses in both the cases were identical. This 
therefore confirmed that the reading of the first thermocouple was lower than those of the 
remaining three thermocouples.  
Two breakthrough experiments shown in Figure 4.4, performed 10 months apart in column 1, 
gave nearly identical responses in terms of breakthrough times and the maximum temperature 
values, thereby confirming that the adsorbent capacity was unaffected after repeated cycling, 
and the method adopted to regenerate the adsorbent between the runs, a combination of 
nitrogen purge and pulling vacuum, was indeed effective. The breakthrough results from 
column 1 and column 2, conducted under very similar conditions, were also compared and 
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are shown in Figure 4.5. Like in the previous case, the breakthrough experiments showed 
good reproducibility.  Therefore, the two columns were considered suitable for performing 
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Figure 4.5: Breakthrough experiments in column 1 (open symbols) and column 2 (closed symbols). 
4.3. Cyclic experiments  
4.3.1. Basic 4-step VSA 
After performing the breakthrough experiments, the next step was to explore the VSA cycles. 
Haghpanah et al. (2013a) have reported a detailed theoretical study of a basic 4-step VSA 
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process comprising of pressurization, adsorption, blowdown and evacuation steps. It was 
shown in their work that it was possible to exploit the high selectivity of zeolite 13X using 
this rather simple cycle to obtain high purity and recovery. The 4-step cycle shown in Figure 
4.6(a) comprises of the following steps: 
1. Pressurization: In this step, the column, which was initially at vacuum, was 
pressurized to a high pressure, PH, by introducing the feed at a predetermined rate 
from the feed end while the other end of the column is kept closed.  
2. High pressure adsorption: The column was continuously fed at the same rate, but the 
product end is now opened. CO2 is preferentially adsorbed while nitrogen product is 
withdrawn from the product end. 
3. Forward blowdown: In this step, the feed end was closed while the column is 
cocurrently depressurized to an intermediate pressure, PI, through the product end. 
The main purpose of this forward blowdown step is to remove as much nitrogen as 
possible from the column while conserving CO2 as much as possible in order to obtain 
CO2 at high purity and recovery from the evacuation step.  
4. Reverse evacuation: The column is then evacuated to a low pressure PL, in the reverse 
direction from the feed end to recover the adsorbed CO2. 
The advantage of a cycle involving uncoupled steps is that it can be implemented in a single 
bed. However, a single bed implementation cannot take continuous feed. Prior to any 
experiment, the column was purged with N2 overnight for 12-15 hours. It was then evacuated 
to a low pressure (0.02 bar). The durations of each step, flow rates, intermediate pressure (PI), 
number of cycles and the operating sequence of the solenoid valves were fed as inputs to the 
PLC and the whole process was operated in an automatic mode. The process was run till 300 
cycles to reach cyclic steady state (CSS). During this period, the exit CO2 compositions, 
temperatures at four different locations along the column, inlet and exit pressures, and exit 
flow rates were continuously logged using the Intouch Wonderware software. In the VSA 
runs, the adsorption step was operated at a pressure of 1.5 bars. In all the runs, the 
pressurization time was kept constant at 20 s. Any duration less than 20 s was not easy to 
implement using the solenoid valves used while longer durations did not have any significant 
impact on the performance of the process (Haghpanah et al., 2013a). It is also important to 
note that all the cyclic experiments were conducted for 300 cycles, overnight, which suggests 
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Figure 4.6: (a) Basic 4-step VSA and (b) 4-step VSA with light product pressurization (LPP). PH-high pressure, 
PI-blowdown pressure, PL-evacuation pressure, tads-adsorption time, tbd-blowdown time and tevac-evacuation 
time. 
Five basic 4-step VSA runs were carried out, which are detailed in Table 4.1. Figures 4.7 to 
4.9 show variations of the different measured variables as functions of cycle number for run 1 
in Table 4.1. The CO2 composition profiles during high pressure adsorption, forward 
blowdown and reverse evacuation steps are shown in Figure 4.7. These profiles indicate that 
there were significant CO2 losses in the adsorption and the blowdown steps and the CO2 
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concentration in the evacuation step was more than 90%. The transient temperature profiles 
shown in Figure 4.9 clearly indicate the progress of the thermal front during the cycles. It 
should be noted that the y axis of the plot for T1 is magnified compared to the other three 
plots. Hence, the temperature swing measured by T1 may appear relatively much more 
pronounced than it actually is. Even after discounting the effect of a magnified scale, the 
temperature swing in the thermocouple T1 was higher than those in T2-T4, indicating that the 
CO2 adsorption and desorption were primarily confined in the early of the bed, while the rest 
of the bed mostly had adsorption and desorption of nitrogen. The rise and fall of the mean 
temperature levels at T2 to T4 in sequence before coming to cycle steady state further suggest 
that there was a net progress of the thermal front in the direction of the feed flow. This is 
expected because there was net accumulation of CO2 in the early cycles before reaching 
cyclic steady state when adsorption and desorption amounts became equal.  
The transient profiles for run 2 in Table 4.1 are shown in Figures 4.10 to 4.12. This is an 
experiment with shorter adsorption step duration. The concentration profiles shown in Figure 
4.10 indicate that the CO2 losses in the adsorption and blowdown steps were considerably 
lower than run 1. This is due to the fact that the adsorption time was not long enough for the 
CO2 front to move deeper into the column. As a result, only a small portion of this CO2 was 
lost in the adsorption and the blowdown steps. This also meant that there was more nitrogen 
left in the bed after the evacuation step. Consequently, the CO2 product obtained in the 
evacuation step was less pure. The transient temperature profiles are shown in Figure 4.12. 
Like in run 1, there was a net movement of the thermal front in the column in the direction of 
feed flow, but the progress of the thermal front was slower in comparison with run 1.The 
maximum temperatures attained by T3 and T4 were lower than the temperature attained by 
T2. The temperature swings observed at thermocouples T2-T4 were much lower than those 
observed in T1, which again confirmed that bulk of CO2 adsorption/desorption was confined 
only in the earlier part of the bed.  
The effects of adsorption step duration and the blowdown pressure on purity and recovery 
were also studied and these results are summarized in Figure 4.13. As shown in Figure 
4.13(a), with an increase in adsorption step time, there was an improvement in purity while 
the recovery decreased. As mentioned earlier, with increase in adsorption time, the CO2 front 
moved further into the column resulting in its increasing losses in the effluents from the high 
pressure adsorption and blowdown steps. Therefore, in our experiments, when the adsorption 
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time was increased from 20 to 40 seconds, the purity improved from 85 to 94.5% while the 
recovery dropped from 93 to 86%. Further increase in adsorption time to 60 s improved the 
purity to 95% with a small drop in recovery.   
It was earlier mentioned that the main purpose of the blowdown step was to remove the 
nitrogen from the product end in order to recover CO2 in high purity in the evacuation step. 
With an increase in blowdown pressure, the purity decreased and recovery increased. At 
higher blowdown pressures, nitrogen was not sufficiently removed from the column and 
hence the CO2 was recovered in the evacuation step at a lower purity. Higher blowdown 
pressure also meant lower CO2 loss, which explains the increase in recovery. In our study, we 
investigated three blowdown step pressures viz. 0.052, 0.07 and 0.19 bars and the results are 
shown in Figure 4.13(b). When the pressure was increased from 0.07 to 0.19 bars, the purity 
dropped from 94.5% to 85% while the recovery improved from 86% to 94.5%. By reducing 













































































































Figure 4.8: Transient pressure and flow profiles for VSA experiment run 1 in Table 1. Ads, Bd and Evac stand 
for adsorption, blowdown and evacuation, respectively. Pin and Pout are pressures at the feed end and the light 


























































































































































Figure 4.11: Transient pressure and flow profiles for VSA experiment run 2 in Table 4.1. Ads, Bd and Evac 
stand for adsorption, blowdown and evacuation, respectively. Pin and Pout are pressures at the feed end and the 















































Figure 4.12: Transient temperature profiles for VSA experiment run 2 in Table 4.1. 
 
 
Figure 4.13: Effect of (a) adsorption step duration and (b) blowdown step pressure on purity and recovery. 
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 20 60 150 310 0.070 0.025 94.71 85.36 1.40 417.40 
2 20 20 150 310 0.072 0.009 85.10 93.10 0.90 668.40 
3 20 40 150 310 0.072 0.021 94.50 85.82 1.20 456.60 
4 20 40 150 310 0.192 0.022 83.41 94.53 1.24 460.80 
5 20 40 150 310 0.052 0.011 95.85 86.39 1.20 483.84 
6 40 60 150 310 0.071 0.023 92.90 93.30 1.27 469.00 
7 40 60 150 310 0.056 0.022 94.81 89.70 1.20 475.00 
8 40 60 150 310 0.043 0.022 96.30 86.50 1.15 508.30 
 + denotes the run  chosen as the base case for LPP 
 Runs 1-3: Effect of adsorption step duration, Runs 3-5: Effect of blowdown pressure, Runs 6-8: 4-step with LPP 
 PH=1.5 bar for all cases 
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4.3.2. 4-step VSA with light product pressurization (LPP) 
In the detailed cycle synthesis study conducted by Haghpanah et al., (2013b) it was shown 
that the 4-step cycle with LPP was able to increase both purity and recovery compared to its 
basic 4-step counterpart. Following a rigorous energy-productivity optimization subject to 
purity-recovery constraints, it was further shown that the 4-step cycle with LPP was the most 
energy efficient cycle amongst the 6 cycle configurations investigated. Therefore, the 4-step 
VSA with LPP was also included in the pilot plant study. 
In the pilot plant, the 4-step VSA cycle with LPP was implemented by using two adsorption 
columns with appropriately inserted idle/hold steps, as shown in Figure 4.6(b). The exit 
stream during high pressure adsorption step from column 1 was used to pressurize column 2. 
After the high pressure adsorption step, blowdown and evacuation steps were carried out in 
the former while the latter remained idle. Subsequently, these steps are carried out in the 
column 2 and column 1 remained idle for some time after pressurization with the light 
product from column 2. Like the basic 4-step VSA experiment, the LPP runs were also 
carried out for 300 cycles to ensure cyclic steady state. The LPP runs are also summarized in 
Table 4.1.  
In order to experimentally validate the performance improvement of the 4-step cycle with 
LPP over the basic 4-step cycle, we chose run 1 in Table 4.1, which had significant CO2 
losses in the adsorption and the blowdown steps, as the base case. The CO2 composition 
profiles in the adsorption and blowdown steps from this run are compared with two LPP runs 
6 and 7 in Figure 4.14. Besides the pressurization time, all other operating conditions for runs 
1, 6 and 7 were the same. The pressurization time in the basic 4-step VSA process was kept 
fixed at 20s. However, in case of LPP, longer duration (40 s) was needed to pressurize the 
bed with the product from the high pressure adsorption step in the other bed. Longer 
pressurization time did not have any impact of the performance of the basic 4-step cycle. 
Hence the difference in pressurization times of the two cycles was not consequential. From 
Figures 4.14(a) and 4.14(b), it is clear that the CO2 losses in run 6 were much lower 
compared to the losses in run 1, thus confirming the recovery benefit of the LPP cycle. 
However, the CO2 concentration in the evacuation step was lower in run 6, as shown in 
Figure 4.12(c), which was due to contamination of the product CO2 by nitrogen that was 
recycled with CO2. It is obvious from Figure 4.12(c), that the drop in purity in run 8 was 
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more than compensated by lowering the blowdown pressure from 0.07 to 0.05 bar in run 7. 
Although this increased the CO2 losses in the adsorption and blowdown steps, they were still 
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 Run 6 (LPP)
 Run 7 (LPP)
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Figure 4.14: Figure 10: CO2 concentration profiles in (a) adsorption step (b) blowdown step and (c) evacuation 
step in basic 4-step VSA run 1 and LPP runs 6 and 7. Ads, Bd and Evac represent adsorption, blowdown and 
evacuation steps, respectively. The symbols have the same meanings in all three parts of the figure. 
The actual purity-recovery values from the LPP cycle are compared with those from the basic 
4-step cycle in Figure 4.15. As seen from the figure, under similar conditions of PI=0.07 bar, 
the LPP experiment had a much higher recovery (93% vs. 86%) but a lower purity (93% vs. 
95%). This is due to the contamination of the CO2 product by the nitrogen, which was used to 
pressurize the bed. The loss in purity was recovered by slightly lowering the blowdown 
pressure to 0.056 bar in order to remove sufficient amount of nitrogen. The recovery of CO2 
reduced slightly but was still higher than the CO2 recovery obtained from the basic 4-step. 
Further reduction in the blowdown pressure to 0.043 bar improved the purity to 96%, while 
the recovery was 86.5%.  
The transient profiles from LPP experiment run 6 in Table 1 are shown in Figures 4.16-4.18, 
which have very similar features likes the corresponding basic 4-step runs discussed earlier.  
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The purity-recovery results from our pilot plant were compared with some of the published 
results (Cho et al., 2004;Liu et al., 2012; Ishibashi et al., 1996, Lu et al., 2012; Lu et al., 
2013; Webley, 2013) and these are summarized in Figure 4.19. Clearly, our pilot plant was 
able to achieve 95% purity and 90% recovery, the requirements specified by the US 
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Figure 4.19: Comparison of the purity and recovery values from our pilot plant with the data available in 
literature 
4.4. Energy consumption and productivity 
It was earlier mentioned that the vacuum pumps in the blowdown and evacuation steps were 
the main sources of energy consumption and the energy consumed by these two pumps were 
measured by two dedicated power meters. The readings from the power meters are plotted 
along with the flow rates in Figure 4.20(a). The initial rise in the power meter readings 
correspond to the time when the vacuum pump was turned on (position A). There was some 
degree of overshoot, which settled over the next couple of seconds till the solenoid valves 
were turned on, indicated by position B. Once the solenoid valves were turned on, the 
vacuum pumps started to receive flow and this can be seen from the increase in the power 
meter readings. The flow rate decreased with time and this effect was also seen in the power 
profiles. The solenoid valves were closed a few seconds before the vacuum pumps. Closing 
of solenoid valves and vacuum pumps are indicated by positions C and D. The readings 
gradually became zero once the vacuum pump was turned off. The area under the curve in 
regions between positions B and C is the measure of power consumed in the particular step. 
However, in case of the blowdown step, the flow ceased around 126 s, beyond which the 
vacuum pump was operating without receiving any gas from the column. This would not 
have happened if the blowdown time was properly optimized or variable speed pumps were 
used. This situation will also not arise in a continuous process, where the vacuum pumps will 
receive gas for the entire duration. Therefore, the true power consumed in the blowdown step 
68 
 
is the area under the curve between positions C and E shown by shaded region. The total 
power consumption in a VSA process is the sum of the power consumptions in the blowdown 
and evacuation steps. The energy consumption values in our pilot plant experiments were in 
the range of 400-700 kWh. The productivity was in the range 0.9-1.4 tonne CO2/m
3
 of 
adsorbent/day and these results are shown in Figure 4.21. The power consumption values 
from our experiments are in the similar order of values of those in the literature (Cho et al., 
2004; Liu et al., 2012; Ishibashi et al., 1996; Lu et al., 2012; Lu et al., 2013; Webley, 2013) 
obtained from similar direct measurements and these also are shown in Figure 4.22.  
 
 
Figure 4.20: Power and flow rate measurements in (a) blowdown and (b) evacuation steps. A: Vacuum pump 
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Figure 4.22: Comparison of energy consumption values obtained from our pilot plant VSA experiments with 
other direct measurements obtained from literature. 
 
4.5. Conclusions 
The conclusions drawn from this chapter are as follows: 
1. Dynamic column breakthrough experiments were conducted with 15% CO2 and 85% N2 




2. Breakthrough experiments conducted 10 months apart from each other in column 1 
showed good reproducibility, which suggests that the column retained its capacity over a 
long period of time even after repeated cycling. Basic 4-step VSA experiments were 
successfully conducted in the pilot plant using a single, uncoupled column. The transient 
composition, temperature, pressure and flow profiles were recorded by the PLC during 
the course of the experiments. The effect of the adsorption step duration and the 
blowdown step pressures on purity and recovery were studied. With an increase in 
adsorption step duration, an increase in purity was observed with a decrease in recovery. 
With an increase in blowdown pressure, the purity decreased and the recovery increased. 
3. To improve the performance of the basic 4-step VSA process, light product pressurization 
(LPP) step was added. The 4-step VSA with LPP was conducted by pressurizing the bed 
with light product obtained from the adsorption step of the second bed. Under identical 
conditions, the LPP cycle was able to improve the recovery from 85.3% observed in the 
basic 4-step to 93.3% with a small drop in purity (94.8% vs. 92.9%). The drop in purity 
was compensated by slightly reducing the blowdown pressure to 0.056 bar. 
4. The basic 4-step VSA and 4-step VSA with LPP were carried out for 300 cycles, 
overnight, which confirmed the effectiveness of the PLC. 
5. The power consumptions in the blowdown and evacuation steps were measured by two 
dedicated power meters. The total power consumption the cyclic experiments were in the 
range of 400-700 kWh. The power meter readings obtained in our pilot plant were of 
comparable magnitude to other direct measurements obtained from literature. 
6. The best performance achieved for the basic 4-step VSA cycle was 96% purity, 86% 
recovery with a productivity of 1.16 tonne CO2/m
3
 adsorbent/day and an energy 
consumption of 472 kWh/tonne CO2. In case of LPP, 95% purity and 90% recovery target 
set by the Department of Energy of USA was achieved with a productivity of 1.17 tonne 
CO2 per m
3








MODELING AND SIMULATION OF PILOT PLANT EXPERIMENTS 
The capture of CO2 from a dry flue gas was experimentally demonstrated in a pilot scale. 
Basic 4-step experiments and 4-step VSA with light product pressurization (LPP) were 
studied and it was shown that the LPP cycle was able to concentrate CO2 to 95% at 90% 
recovery in a single stage. The pilot plant experimental results, detailed in Chapter 4, were 
then used to validate a non-isothermal, non-isobaric model. The single component isotherm 
parameters obtained by regression of the gravimetric data in Chapter 3 were used in the 
extended dual-site Langmuir model, which was validated through binary breakthrough 
experiments. Finite volume technique was used to discretize the model equations and the 
discretized model equations were solved in MATLAB software. The simulated profiles were 
compared with the experimental trends and these results are presented in this chapter. 
5.1. Model equations for adsorption process 
A one dimensional, non-isothermal, non-isobaric mathematical model was used to simulate 
the pilot plant experiments. The model equations were derived based on the following 
assumptions: 
1. An axially dispersed plug flow model to describe the bulk flow. 
2. Ideal gas law assumption is valid. 
3. Linear driving force (LDF) approximation to describe the mass transfer between gas 
and the solid phases. 
4. Instantaneous thermal equilibrium is attained between the gas and solid phase. 
5. Frictional pressure drop is described by Darcy’s equation. 
6. Absence of concentration, pressure and thermal gradients in the radial direction. 
7. Adsorbent properties and bed voidage are uniform throughout the column. 
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8. The extended dual-site Langmuir isotherm obtained from the single component 
isotherm parameters was used to describe the adsorption equilibrium. 
The model equations consist of component mass balance, overall mass balance, column and 
wall energy balance equations and the rate equation to describe the mass transfer between the 
solid and the fluid phases. The model equations are given below: 
Component mass balance: 
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As mentioned earlier, the mass transfer between the gas and the solid phases was described 
by linear driving force approximation which is of the following form: 







          (5.4) 
where, ki is the mass transfer coefficient and qi
*
 is the equilibrium solid phase concentration, 
which is described by the extended dual-site Langmuir model given in Equation (3.15). 
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The model equations were converted into their corresponding dimensionless form by using 
the following dimensionless variables: 
*
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Mass transfer rate equation: 
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Energy balance: 
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Wall temperature balance:         
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The dimensionless groups in Equations (5.9)-(5.13) are given in Table 5.1 and the typical 
values in the VSA simulations are provided in Table 5.5. Each of the equations requires 
appropriate initial and boundary conditions, which are given in Table 5.2. The initial 
conditions will be discussed later. 
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Table 5.2: Boundary conditions for a basic 4-step VSA process. 













































































































































































































































































































5.2 Finite volume method 
The solution to the model equations can be obtained by employing an appropriate numerical 
scheme. The numerical scheme adopted should be less intensive in terms of computational 
time, robust, provide an accurate non-oscillatory solution and capable of handling sharp 
fronts encountered in case of CO2 adsorption on zeolite 13X. Several numerical methods like 
finite difference (Carter and Wyszynski, 1983), orthogonal collocation (Raghavan and 
Ruthven, 1983), finite element (Kikkinides and Yang, 1993) and finite volume techniques 
were employed in solving PSA processes (Haghpanah et al., 2013a; Todd et al., 2001; 
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Webley and He, 2000). Amongst these numerical techniques finite volume was found to 
satisfy the above mentioned criteria (Haghpanah et al., 2013a). Therefore in our work, finite 
volume technique was employed to obtain the numerical solution from the model equations. 
In the finite volume method, the column is divided into N number of cells, each having a 
finite volume ΔV as shown in Figure 5.1. 





Figure 5.1: Finite volume discretization scheme for adsorption process. 
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The model equations (5.9) to (5.13) and (5.15) were discretized in spatial dimensions and this 
yielded the following system of ordinary differential equations. 
Component mass balance: 
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Wall temperature balance 





j W W a
T T TT




     
   



















          
                                                          (5.22) 
The values at the cell boundaries can be related to values at the cell nodes by different finite 
volume schemes. One such scheme is the upwind difference scheme (UDS) where the cell 
boundary values are taken to be equal to those at the cell nodes i.e. 
0.5j jf f                                                                                                              (5.23) 
This approximation is similar to the finite difference method. The disadvantage of 
implementing this scheme is that the model solution is highly oscillatory, thereby leading to 
low accuracy. To overcome this issue of oscillations in the model solutions, high resolution 
finite volume methods with flux limiters can be used (LeVeque, 2002) and these are provided 
in Equations (5.24)-(5.26) 
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where rj+0.5 is the slope ratio, δ is a small value of the order of 10
-10
 to avoid division by zero. 






















                                                                                          (5.26) 
The values at the cell boundaries for j=2 to N-1 can be calculated by direct applying the flux 
limiters. However, for the first cell, half-cell approximation is used and the boundary value of 
the N
th













                                                                                            (5.27) 
Using the finite volume scheme, the boundary conditions were discretized and are listed in 
Table 5.3. 
Table 5.3: Boundary conditions discretized in finite volume. 
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0.5 NNy y   
0.5N NTT    
Blowdown 
10.5y y  
0.5 1TT   
0.5 NNy y   
0.5N NTT    
Evacuation 
10.5y y  
0.5 1TT   
          0.5 NNy y   
0.5N NTT    
 
5.3. Simulation of the pilot plant experiments 
The inputs to the model equation include the physical properties of the column, gas and the 
adsorbent along with the equilibrium information. The equilibrium information obtained from 
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our lab scale experiments were used for simulating the pilot plant experiments. In addition to 
the adsorption equilibrium, information about the mass transfer kinetics is also necessary to 
design an effective adsorption process. Hu et al., (2013) studied the diffusion mechanism of 
CO2 in 13X by zero-length column (ZLC) technique with bead sizes of 1.96 and 3.8 mm and 
it was found that adsorption of CO2 was macropore molecular diffusion controlled with 
contribution from Knudsen diffusion in the low pressure regime. Giesy et al., (2012) 
measured the mass transfer rate for CO2 adsorption on zeolite 13X using frequency response 
techniques for pressures of 0.125, 0.5 and 1 bar and had found that that mass transfer kinetics 
was well described by the Knudsen diffusion mechanism. Based on the aforementioned 
studies, we have assumed macropore molecular diffusion controlled mechanism for transport 
















                                                                                                        (5.28) 
DM is the molecular diffusivity at 1 atm which is a function of temperature and τ’ is the 
tortuosity. The molecular diffusivity was obtained from the Chapman-Enskog equation and 
was corrected for the variation in temperature and pressure along the column length. ci/qi was 
obtained from the extended dual-site Langmuir isotherm model and was updated in the 
simulation. The axial dispersion was calculated using the following equation: 
00.7 0.5L M pD D v d                                                                                                (5.29) 
In the equation (5.29), dp is the particle diameter. The other input parameters used in the 
simulator are provided in Table 5.4. The model equations were discretized in space using 30 
finite volumes and the system of coupled ordinary differential equations (ODEs) were solved 
using stiff ode solves like ode 23s in MATLAB. 
5.3.1. Dynamic column breakthrough experiments 
In the first step, the binary breakthrough experiments conducted in the pilot plant were 
simulated. The bed was initially assumed to be saturated with nitrogen at high pressure PH 
and at a given temperature. The inlet velocity was taken as constant. Danckwerts boundary 
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condition, for the adsorption step, given in Table 5.3 was used for the component balance and 
the temperature balance equations. The final conditions of the adsorption breakthrough was 
taken as the initial conditions for desorption. 
Table 5.4: Input parameters to the simulator. 
Input parameters Value 
Bed length , L (m) 0.867 
Inlet velocity, V0 (m/s) 0.35 
Column inside radius, ri (m) 0.15 
Column outside radius, r0 (m) 0.162 
Bed voidage 0.428 





Specific heat capacity of the gas mixture, Cpg 
(kJ/kg/K) 
1.010 
Specific heat capacity of the adsorbent, Cps (kJ/kg/K) 1.070 
Specific heat capacity of the adsorbed phase, Cpa 
(kJ/kg/K) 
1.010 
Specific heat of column wall, Cpw (kJ/kg/K) 0.502 
Viscosity of the gas mixture, µ (Pa.S) 1.72×10
-5
 
Inside heat transfer co-efficient, hi, (W/m
2
K) 0 
Outside heat transfer co-efficient, h0, (W/m
2
K) 0 
Thermal conductivity of gas mixture, kz (W/m
2
K) 0.09 
Thermal conductivity of column wall, kW (W/m
2
K) 16 
Density of adsorbent, ρs (kg/m
3
) 1130 
Density of the column wall, ρw (kg/m
3
) 7800 





Table 5.5: Typical values of dimensionless group in the VSA simulations 
Dimensionless group Meaning Typical value 
Pe Mass transfer peclet number 809 
Peh Heat transfer peclet number 2650 
  Dimensionless coefficient for the 
mass transfer rate term 
140 
i  
Dimensionless mass transfer 
coefficient 
0.037 for CO2 and 38 for N2 (Feed 
conditions) 





П2 Dimensionless coefficient for heat 
transfer from fluid film to wall 
0 
П3 Dimensionless coefficient for heat 
transfer from wall to external 
atmosphere 
0 
Ω1 Dimensionless thermal 




Ω2 Dimensionless specific heat 
capacity of gas 




Ω3 Dimensionless specific heat 
capacity of gas 




Ω4 Dimensionless specific heat 
capacity of solid 




Ω4 Dimensionless heat of adsorption 
(Heat generation term) 
0.7 for CO2 and 0.33 for N2 
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Ω5 Dimensionless inside heat transfer 
coefficient 





The results from the simulation are shown along with the experimental profiles in Figure 5.2. 
The simulation was able to capture the breakthrough time and the transitions in the 
composition and temperature profiles. The maximum (plateau) temperature reached in 
experiment was however higher than that attained in the simulation. This was consistently 
seen in all the breakthrough runs. Tuning of the adsorption isotherm parameters was carried 
out in order to match the temperature profiles. The fitting was carried out by minimizing the 
mean squared error (MSE) between the normalized experimental and theoretical composition 
and temperature profiles of T2, T3 and T4. It was shown in chapter 4, that the readings of T1 
were affected by the bottom distributor plate and hence T1 was not considered in the fitting. 
The parameter estimation was carried out using fmincon command in MATLAB. The fitted 
parameters are shown along with the zeolite 13X isotherm parameters in Table 5.6. The 
saturation capacities and the internal energies of site 1 and 2 were higher in case of the fitted 
parameters. The pre-exponential constants, b0 and d0 were approximately the same in both the 
sets of parameters. It can be seen from Figure 5.3 that the fitted parameters were able to 
increase the predicted plateau temperatures due to a higher heat of adsorption, but at the 
expense of losing the agreements with the transitions. Given the good matches with all other 
key features of the breakthrough profiles, the mismatch in the maximum temperature is 
somewhat intriguing. As already mentioned, any significant heat loss from the columns in the 
radial direction would prevent the formation of the temperature plateaus. This is evident from 
the profiles of T4 in Figure 5.2, where it is shown that the temperature plateau is not obtained 










Table 5.6: Isotherm parameters obtained by fitting the breakthrough experiment. 
Parameter 13X parameters Fitted parameters 
qsb(mol/m
3








ΔUb (kJ/mol) -36.64 -37.50 
qsd(mol/m
3



































































































































































































Figure 5.3: Comparison of experimental breakthrough profiles with theoretical profiles obtained from fitted 
isotherm parameters. 
5.3.2. Basic 4-step VSA experiments 
In the basic 4-step VSA process simulations, the bed was initially assumed to be saturated 
with the light component at low pressure (PL) at the average of the temperatures recorded by 
the four thermocouples at the end of nitrogen purge for the run under consideration. In the 
first step, i.e., pressurization, the inlet pressure profile with time was provided as the input 
and the pressure across the column was calculated from the total mass balance. The inlet 
velocity was obtained from the Darcy’s equation and the exit velocity was kept zero. In the 
adsorption step, the inlet velocity and the exit pressure were provided as the inputs. For the 
blowdown and evacuation steps, which involve depressurization to different vacuum levels, 
the pressure profiles at the open ends of the column were provided as exponential functions, 
with the exponential time constant tuned to match the measured pressure profiles in the pilot 
plant. The final conditions of each step were taken as the initial conditions of the subsequent 
step. Cyclic steady state (CSS) condition was considered to be attained when the mass 
balance error of 5 consecutive cycles were 0.5%.To be consistent with the experimental runs, 
the VSA processes was simulated for 300 cycles and the transients of the 300
th
 cycle were 




The  computed (model predictions) transient profiles of composition, pressure, flow rate and 
temperature profiles for run 1 in Table 5.7 are included in Figures 5.4 to 5.6. The predicted 
trends were generally in good agreement with the profiles measured in the pilot plant. From 
Figure 5.6, it can be seen that except for the first thermocouple, the maximum values attained 
in the simulation at the other thermocouples were lower than those obtained in the 
experiment. These trends are similar to those observed in the breakthrough experiments 
discussed earlier. However, the predicted swings as well as the mean temperature levels were 
generally somewhat higher than those in the experiment. The net progress of the thermal 
front in the direction of the feed flow, evident from the rise and fall of the mean temperature 
levels at T2 to T4 in sequence before coming to the cyclic steady state, was also somewhat 
faster in the simulation than in the actual run. On the other hand, in the breakthrough runs, the 
experimental and computed transitions in the temperature profiles were in good agreement, 
which was an indication that the thermal wave velocity was correctly calculated in the 
breakthrough simulation. The mismatch in case of the VSA runs most likely arises from not 
fully capturing the dynamics of rapid pressurization from low vacuum pressure to 
atmospheric pressure at the entrance of the bed. Despite the small quantitative differences, 
the overall qualitative features of the four thermocouple readings observed experimentally 
were correctly captured in the computed profiles. The computed temperature profiles also 
showed lower temperature swings in thermocouples 3 and 4, which, as mentioned earlier, 
indicated that these zones of the bed were mainly undergoing adsorption/desorption of 
nitrogen and CO2 concentration front was confined in the first half of the bed. Better bed 
utilization was not possible due to the tail that developed from the unfavourable desorption of 
the strongly favourable CO2 equilibrium isotherm. The transient profiles for run 2 in Table 
5.7 are shown in Figures 5.7 to 5.9. It can be seen that the theory predicts slightly higher 
losses in the adsorption and blowdown steps and hence the theoretical CO2 concentration in 
the evacuation step was slightly higher than the experiment. Like run1, the rise and fall of 
temperature in theory was faster than the experiment and the maximum temperature values 
attained in the simulation in T2 and T3 were lower than the experiment. However, the 
maximum values were similar in case of T4. From the temperature profiles, it can be seen 
that the temperature swing was higher in T1 than the other thermocouples, which suggests 
that bulk of the CO2 adsorption was confined to the earlier part of the bed closer to the inlet 
and most of the bed was dominated by adsorption and desorption of nitrogen. In general, the 
model was able to capture the trends in the VSA experiments. 
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The effect of adsorption step duration and the blowdown step pressure on purity and recovery 
were studied and the results are shown in Figure 5.10. The model predictions shown in Figure 
5.10 are in good agreement with the experimental values. Detailed comparison of purity, 
recovery, energy consumption and productivity values are shown in Table 5.7. The 
qualitative agreements between the experimental and theoretical values were satisfactory. 
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Figure 5.5: Transient pressure and flow profiles for VSA experiment run 1 in Table 5.7. The symbols are 
experimental results and the dotted lines denote model predictions. Ads, Bd and Evac stand for adsorption, 





























































































































































Figure 5.8: Transient pressure and flow profiles for VSA experiment run 2 in Table 5.7. The symbols are 
experimental results and the dotted lines denote model predictions. Ads, Bd and Evac stand for adsorption, 



















































5.3.3 4-step VSA with LPP 
In the basic 4-step VSA process, CO2 losses with the nitrogen product in the high pressure 
adsorption step and in the effluent from the blowdown step affect its recovery. It is therefore 
essential to minimize the CO2 loss from these two steps without compromising nitrogen 
removal, which controls CO2 product purity. One way to achieve this is to pressurize the bed 
with the light product from the product end in order to recycle the CO2, which would 
otherwise be lost with the nitrogen product. In this manner, the CO2 front can be concentrated 
in a narrow zone near the feed end of the column thereby reducing the loss of CO2 in the 
adsorption and blowdown steps. It was shown in chapter 4 that the LPP experiment 
performed better than its basic 4-step counterpart in terms of purity and recovery. In a single 
stage 95% CO2 purity and 90% recovery were possible with the addition of the light product 
pressurization step. 
The improvement in purity and recovery can be explained from the simulated bed profiles 
shown in Figure 5.11. The theoretical CO2 composition in the gas and the solid phases are 
plotted as a function of dimensionless bed length. Long tails can be seen in the simulated CO2 
bed profiles corresponding to the operating conditions of run 1 of the basic 4-step VSA 
experiments. In case of the LPP experiment under identical operating conditions, the CO2 
front was sharper. This reduced the losses in the adsorption and blowdown steps. However, 
the purity was lower due to the contamination of CO2 by the recycled nitrogen. This loss in 
purity was recovered by lowering the blowdown pressure slightly from 0.07 bar to 0.056 bar 
and this was shown clearly in Figure 4.15 in chapter 4. It can be seen from the composition 
profile in the blowdown step, corresponding to run 7, in Figure 5.11 that the CO2 front had 
penetrated slightly longer in the column, thereby getting rid of some more nitrogen. The 
recovery dropped slightly but was still higher than the basic 4-step experiment. Therefore the 
LPP experiment can improve purity and recovery simultaneously. 
The experimental and theoretical comparisons for purity, recovery, energy and productivity 
for the LPP runs are also included in Table 5.7. The transient profiles for the LPP run 6 in 

































Figure 5.11: Theoretical gas and solid phase composition profiles of CO2 in basic 4-step run1 (solid lines) and 4-
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Figure 5.13: Transient pressure and flow profiles for LPP run 6 in Table 5.7. The dotted lines denote model 
predictions. Ads, Bd and Evac stand for adsorption, blowdown and evacuation, respectively. Pin and Pout are 















































5.4. Energy consumption in cyclic VSA process 
The theoretical power consumption in the blowdown and evacuation steps was calculated in 
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The total power consumption in a VSA process is the sum of the power consumption in the 
blowdown and the evacuation steps. The power consumption obtained from direct 
measurements were compared with the results obtained from conventional adiabatic and 
isentropic calculations and are shown in Figure 5.15. It can be seen that, with 72% efficiency, 
the theoretical power consumption was considerably lower than the direct measurement from 
the experiments and a lower efficiency of 30% was found to match the experimental power 
consumptions for all the runs. Due to lack of necessary details, calculation of efficiencies for 
the published runs was not possible (Cho et al., 2004; Ishibashi et al., 1996; Liu et al., 2012; 
Lu et al., 2012; Lu et al., 2013; Webley, 2013). But comparable magnitude of measured 
power may imply that the efficiencies could be much lower than 0.72, as observed in our 














































 This work (1 Stage, Basic) 
 This work (1 Stage, LPP)
 Webley (1 Stage, 13X)          
 Lu et al (1 Stage, 13X)      
 Lu et al (2 Stage, 13X)          
 Liu et al (1 Stage, 5A)
 Cho et al (2 Stage, 13X)       
 Ishibashi et al (2 Stage, 13X)
 
Figure 5.15: Comparison of Energy consumption values from our pilot plant experiments with other data in 
literature. The dotted line denotes an efficiency of 72% while the solid line denotes an efficiency of 30%. Note 
that all the experiments, both from this work and from the literature, resulted in different purity-recovery values, 
and care should be taken in comparing their energy consumptions. 
5.5 Conclusions 
The following are the major conclusions from this chapter 
1. A one dimensional non-isothermal, non-isobaric model was validated using the pilot 
plant experiments. 
2. The transitions in the composition profiles in the breakthrough experiments were 
captured by the model, but the maximum temperature values in the model and theory 
were considerably different. The isotherm parameters were fitted by minimizing the 
residual between the model and experiment in order to match the temperature profiles. 
However, the agreements in the other transitions were lost due to fitting. It was also 
shown that only in an adiabatic model, long plateaus were seen in the temperature 
profiles. 
3. The VSA process was simulated for 300 cycles and a good agreement between the 
experiment and theory was seen. Like the breakthrough experiments, the maximum 
temperature values attained in the theory was less than the experiment. The sequential 
rise and fall of temperature was somewhat faster in theory than the experiment and 
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this could be due to the dynamics involved in rapid pressurization of an evacuated 
column to atmospheric pressure. 
4. LPP sharpens the CO2 concentration front in the bed. As a result, compared to the 
basic 4-step cycle, the blowdown step can be executed at a lower PI to remove the 
excess nitrogen recycled with CO2 without sacrificing the increased recovery benefit 
from the recycled CO2. Thus the 4-step VSA with LPP increases both purity and 
recovery compared to the basic 4-step cycle. 
5. The energy consumption values obtained from direct measurements in our pilot plant 
were compared with theoretical adiabatic and isentropic calculations and it was found 




























       Exp Theo Exp Theo Exp Theo Exp ɳ=72% ɳ=30% 
 1
+
 20 60 150 310 0.070 0.025 94.71 97.59 85.36 86.23 1.40 1.31 510.53 173.90 417.40 
2 20 20 150 310 0.072 0.009 85.10 88.55 93.10 94.22 0.90 0.80 582.65 278.50 668.40 
3 20 40 150 310 0.072 0.021 94.50 95.63 85.82 84.79 1.20 1.05 339.20 190.25 456.60 
4 20 40 150 310 0.192 0.022 83.41 83.70 94.53 95.60 1.24 1.12 459.00 192.00 460.80 
5 20 40 150 310 0.052 0.011 95.85 97.88 86.39 80.55 1.20 1.04 472.15 201.60 483.84 
6 40 60 150 310 0.071 0.023 92.90 95.93 93.30 94.00 1.27 1.00 469.00 189.72 455.33 
7 40 60 150 310 0.056 0.022 94.81 96.97 89.70 93.25 1.20 0.95 475.00 191.45 459.50 
8 40 60 150 310 0.043 0.022 96.30 98.82 86.50 90.30 1.15 0.94 508.30 204.10 489.80 
 + denotes the run  chosen as the base case for LPP 
 Runs 1-3: Effect of adsorption step duration, Runs 3-5: Effect of blowdown pressure, Runs 6-8: 4-step with LPP 




CO2 CAPTURE FROM WET FLUE GAS BY VSA 
In the previous two chapters, CO2 capture from a synthetic dry flue gas containing 15% CO2 
in nitrogen on Zeochem 13X was discussed elaborately by means of pilot scale experiments 
and simulation studies. It was shown that, a 4-step cycle with light product pressurization 
(LPP) step can improve the CO2 purity and recovery compared to the basic 4-step VSA 
process, due to sharper CO2 concentration front in the column. CO2 capture from a wet flue 
gas containing 15% CO2 in 82% N2 and 3% moisture is discussed in the present chapter. As 
shown in chapter 1, 3% moisture represents moisture saturated flue gas at 25
o
C. The 4-step 
VSA process with LPP first studied to understand the effect of moisture on the performance 
of 13X zeolite. The three component simulation model including moisture was originally 
developed in FORTRAN and later changed to MATLAB to exploit the parallelization option 
and hence the speed of the latter. Detailed optimization studies were carried out to obtain the 
operating configuration with minimum energy consumption. Next, a modified VSA process 
consisting of a silica gel bed coupled in series with the 13X bed was proposed. This modified 
cycle was then analysed to understand the effect of the silica gel bed length with respect to 
the 13X bed on the process performance. The dual adsorbent system was finally optimized to 
obtain the length of the silica gel bed (for a fixed length of the 13X bed) and the operating 
conditions for minimum energy consumption. The MATLAB codes used in this chapter for 
simulating CO2 capture processes from dry and wet flue gas are credited to the generous 
contribution of a former PhD student. 
6.1. Modeling of the VSA cycles for CO2 capture from wet flue gas 
The non-isothermal, non-isobaric model validated using the pilot plant experiments in chapter 
5 was extended to the ternary system. The additional equations included a component balance 
and a mass transfer rate equation for the third component, water vapour. The adsorption 
isotherms of water vapour on 13X zeolite were obtained from the work of Kim et al. (2003). 
Although there may be some differences in moisture adsorption on our 13X sample and on 
that sample used in the published study, it will not impair our immediate objective to 
understand the effect of wet flue gas on CO2 capture by VSA on 13X zeolite. The literature 
isotherm data was fitted to a dual-site Langmuir isotherm model. The data and the fits are 
shown in Figure 6.1 and the isotherm parameters are given in Table 6.1. Perfect positive (PP) 
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form of the dual-site Langmuir isotherm (Ritter et al., 2011) was then used to describe the 
competitive adsorption in the ternary system. Macropore molecular diffusion mechanism was 
assumed for the transport of CO2, N2 and H2O in zeolite 13X. The equivalent diffusivity in 




















                                                                                                                 (6.1) 
where De,i is the equivalent diffusivity of component i and x is the mole fraction in the gas in 
the feed. It was shown in Chapter 1 that the flue gas contains 3% moisture at 25°C and upto 
10% moisture when the temperature is 50°C. In the present study, the flue gas was considered 
to be at 25°C and the composition was 15% CO2 in 82% N2 and 3% moisture. The model 
equations were discretized in spatial domain by using high resolution finite volume technique 









































Figure 6.1: Adsorption isotherms of water vapour in Aldrich zeolite 13X (Kim et al., 2003). The lines denote 
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qsd(mol/m
3








ΔUd(kJ/mol) -46.72 -39.90 
+Aldrich 13X, * Grace Davison silica gel 
A 4-step VSA process with light product pressurization (LPP) was simulated for both dry and 
wet feeds by taking the following operating conditions: tads = 54 s, tbd = 38.1 s, tevac = 68.6 s, 
PI = 0.073 bar and PL = 0.03 bar and V0=0.57 m/s. With a dry flue gas, 95% purity and 90% 
recovery were possible using the aforementioned operating conditions. Other input 
parameters are given in Table 6.2. The CO2 bed profiles at cyclic steady state for dry and wet 
conditions are compared in Figure 6.2. It is seen that in the presence of moisture, the CO2 
front had penetrated deeper in the column. This is due to the very high capacity of water 
vapour in zeolite 13X which affected the adsorption of CO2 in the entrance region of the 13X.  
As a result, CO2 losses in the adsorption and blowdown steps increased, which resulted in a 
decrease in recovery. The adsorbed and fluid phase moisture profiles for moisture at cyclic 
steady state are shown in Figure 6.3, which confirms that adsorption of water vapour was 
confined in a small mass transfer zone close to the inlet. Therefore during the evacuation 
step, moisture was recovered along with CO2. 
The performance indicators for the wet and dry cycles are compared in Table 6.3. Clearly, the 
performance was much better when dry flue gas was used. As mentioned earlier, the cycle 
was able to achieve 95% purity and 90% recovery with a productivity of 2.24 tonne CO2/m
3
 
adsorbent/day and energy consumption of 161.2 kWh/tonne CO2 captured. Under identical 
operating conditions, in the wet cycle, purity and productivity were practically unaffected, 
but the recovery dropped to 88.6% and the energy consumption increased significantly to 
193.5 kWh/tonne CO2 captured. The increase in energy consumption is attributed to the 
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additional energy required to remove the strongly adsorbed water vapour from the column. It 
































Figure 6.2: CO2 bed profiles in a 4-step VSA with LPP at cyclic steady state. Solid lines denote dry flue gas 
while dotted lines denote wet flue gas. The corresponding operating conditions were tads = 54 s, tbd = 38.1 s, tevac 





























Figure 6.3: H2O bed profiles in a 4-step VSA with LPP at cyclic steady state corresponding to the CO2 profiles 
for wet flue gas in Figure 6.2. 
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Table 6.2: Bed parameters and physical property constants used to simulate CO2 capture from wet flue gas on 
13X zeolite. 
Parameter Value 
Bed length, L (m) 1 
Column inner radius, ri (m) 0.15 
Column outer radius, r0 (m) 0.16 
Bed voidage, εb 0.37 
Particle porosity, εP 0.35 
Tortuosity, τ’ 3 















Particle density ,ρs, (kg/m
3
) 1130 
Density of column wall, ρw, (kg/m
3
) 7800 
Specific heat of adsorbent (kJ/kg/K) 1.07 
Specific heat of gas mixture, Cpg (kJ/kg/K) 1.03 




Inside heat transfer co-efficient, hi (W/m
2 
K) 8.6 
Outside heat transfer co-efficient, h0 (W/m
2 
K) 2.5 
Effective thermal conductivity, kz, (W/m/K) 0.09 
Thermal conductivity of wall, kW, (W/m/K) 16 
Density of adsorbent, ρs (kg/m
3
) 1130 
Density of the column wall, ρw (kg/m
3
) 7800 















Dry flue gas 










6.2. Optimization of the 4-step VSA cycle with LPP for CO2 capture from wet flue gas 
From the above discussion, it was shown that the presence of moisture affected the 
performance of the basic 4-step VSA process. To explore the possibilities of 95% CO2 purity 
and 90% CO2 recovery in the 4-step VSA cycle with light product pressurization and to find 
out an operating configuration with maximum productivity and minimum energy 
consumption, detailed optimization studies were carried out. The optimization was carried 
out using non-dominated sorting genetic algorithm II (NSGA-II) in MATLAB. This 
technique was recently used by Haghpanah et al. (2013b) to perform detailed optimization 
and cycle synthesis study for CO2 capture from a dry flue gas. The advantage of this method 
is that it is relatively straight forward to implement and parallelization is possible to achieve 
greater computational speed (Haghpanah et al., 2013b). In the global optimization toolbox, 
gamultiobj function was invoked to solve the multi-objective optimization problem. The 
input arguments to the optimizer include the fitness function, the number of decision 
variables and the bounds to the decision variables. Additionally, the parameters of the GA 
optimizer were also provided as inputs. The values of the GA parameters like crossover 
fraction, mutation function and Pareto fraction were similar to those used by Haghpanah et al. 
(2013b) in their cycle synthesis study and the parameters of the genetic algorithm are 
reported in Table 6.4. 
In the first step, the optimization was carried out to maximize purity and recovery. The 
decision variables for optimization were the step durations (tads, tbd, tevac), vacuum pressures 
(PI and PL) and the inlet feed velocity (V0). The high pressure (PH) was fixed at 1 bar. The 
duration of the LPP step was the time taken for the column to attain the high operating 
pressure (PH) and the maximum duration of this step was the duration of the adsorption step. 
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A fixed bed length of 1m was used in the optimization. The bounds for the decision variables 
are listed in Table 6.5. To ensure that the blowdown and evacuation steps were not the same, 
the following inequality constraint was used: 
0.02 (bar)I LP P                                                                                                                (6.2) 
Table 6.4: Parameters for the genetic algorithm based optimization 
Parameters Value 
Pareto Fraction 0.5 
Population Size 10 x number of decision variables 
Crossover Fraction 0.65 
Crossover Function Crossoverintermediate 
Mutation Function Mutationadaptfeasible 
 















20 30 30 0.05 0.03 0.1 
Upper 
bound 
150 200 200 0.5 0.05 2 
 
In the optimization, the population size was 10 times the number of decision variables as 
shown in Table 6.4 and the genetic algorithm to generate new population was repeated for 60 
generations. The purity, recovery, energy and productivity values were taken at cyclic steady 
state condition (CSS). As discussed earlier in chapter 5, the criterion for cyclic steady state 




6.2.1. Maximization of purity and recovery 
The genetic algorithm (GA) in MATLAB is designed for minimization the objectives and 
therefore the inverse of purity and recovery were chosen as the objective functions. The 
output was represented in the form of a Pareto. The purity-recovery Pareto for the wet flue 
gas cycle is shown along with the Pareto corresponding to the dry flue gas, extracted from the 
work of Haghpanah et al. (2013b) in Figure 6.4. Both the wet and the dry cycles were able to 
achieve the desired purity-recovery target of 95-90%. Therefore, the next objective was to 
identify operating conditions with minimum energy penalty in the 4-step cycle with LPP for 























Figure 6.4: Purity-Recovery Pareto for 4-step VSA with light product pressurization (LPP) for wet and dry 
cycles. The lower bound of the evacuation pressure PL=0.03 bar. 
6.2.2. Minimization of energy and maximization of productivity 
A multi-objective optimization approach was taken to simultaneously minimize energy and 
maximize productivity. Like purity and recovery, the inverse of the productivity was chosen 
as the objective function. It is important to note that the energy and productivity values 
differed at least by 3 orders of magnitude and therefore normalized energy consumption was 
considered for minimization. The purity and recovery requirements (95% purity and 90% 




The energy-productivity Paretos for the 4-step cycle with LPP in Figure 6.5 clearly show that 
the energy consumption increased in the presence of moisture in comparison with 4-step LPP 
cycle for dry flue gas. The additional energy consumption was due to the energy 
requirements to desorb water from the column. The minimum energy consumption for 95-90 
purity recovery constraints, in the LPP cycle with 15% CO2, 3% H2O and rest nitrogen as 
feed, was 185 kWh/tonne CO2 captured with a productivity of 1.14 tonne CO2/m
3
 
adsorbent/day. In case of the LPP cycle with dry flue gas, the minimum energy consumption 
was 154 kWh/tonne CO2 captured with a productivity of 1.52 tonne CO2/m
3
 adsorbent/day 
(Haghpanah et al., 2013b). The Paretos were compared with that obtained from a basic 4-step 
cycle for wet flue gas. The evacuation pressure, PL, had to be lowered to 0.01bar (vs. 0.03 bar 
as the lower bound of PL in the 4-step cycle with LPP) to attain the purity and recovery 
constraints of 95% and 90%, respectively. The productivity increased at the expense of 
higher energy consumption. The minimum energy consumption in a basic 4-step VSA 
process for wet flue gas was 206.5 kWh/tonne CO2. The operating conditions corresponding 












































 Basic 4-step (0.01 bar wet)
 LPP (0.03 bar dry)
 LPP (0.03 bar wet)
 
Figure 6.5: Energy-productivity Paretos for basic 4-step VSA and 4-step VSA with LPP satisfying 95% purity 






Table 6.6: Operating conditions corresponding to minimum energy consumption for CO2 capture from wet flue 
gas. 
Cycle tads (s) tbd (s) tevac (s) PI (bar) PL (bar) V0 (m/s) 
LPP 69.03 47.27 116.01 0.07 0.038 0.33 
Basic 4-step 63.22 30.18 192.58 0.11 0.016 0.76 
 
6.3. An Alternate VSA process for CO2 capture from wet flue gas. 
It was shown in the previous section that purity-recovery target of 95-90% for CO2 capture a 
wet flue (3% moisture) gas as feed was achievable in a 13X bed. However, the presence of 
moisture increases the energy consumption in the VSA process. The energy performance is 
likely to deteriorate further at higher moisture contents. Therefore it is necessary to explore 
alternatives for removing moisture. One way is to employ layered beds where the column is 
packed with a suitable desiccant like silica gel or alumina followed by the zeolite layer. The 
advantage is that a desiccant is expected to remove moisture more efficiently than 13X. The 
disadvantage of this method is the concentrated CO2 product from the evacuation step will 
come out together with the moisture through the same outlet this making it humid again after 
it has been separated and concentrated. An additional step will be required to dry CO2.   
A new cycle was proposed and investigated to eliminate this unnecessary step of drying 
concentrated CO2. This cycle, detailed below, uses the desiccant and 13X in two separate 
columns. This arrangement, like the layered bed, allows the desiccant bed to trap moisture 
and the moisture free CO2-N2 mixture to pass to the 13X bed. However, unlike the layered 
bed, this arrangement also allows separate evacuation of the two beds to avoid humidification 
of the concentrated CO2.  
The isotherms of water vapour on silica gel and alumina were discussed in chapter 2 and it 
was shown that alumina exhibited adsorption hysteresis due to capillary condensation 
(Serbezov, 2003). Therefore silica gel was our choice of adsorbent for the desiccant bed. 
The sequence of operations in the proposed new dual adsorbent, 4-step cycle, where the two 
adsorbents are separately packed in two columns, is schematically shown in Figure 6.6. The 
cycle consists of the following steps:  
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1. Pressurization: In this step, column 1 (silica gel) is pressurized with the feed from the 
feed end and the product end is closed. Column 2 (zeolite 13X) is pressurized from 
the product end in the reverse direction with the light product obtained from the 
adsorption step of the previous cycle. The zeolite bed cannot be pressurized with the 
feed as the moisture present in the feed will contaminate the feed end of the column. 
2. Adsorption: In the high pressure adsorption step, feeding continues to the first column 
and the product end of the first column is now opened. The exit stream from the high 
pressure adsorption step in the first column, free of moisture, is the feed for the 
second column, which also undergoes the high pressure adsorption step.  
3. Blowdown: The silica gel column is then blowndown to an intermediate pressure in 
the counter-current direction, while co-current blowdown is carried out in the 13X 
bed. It was mentioned in chapter 4 that the objective of the co-current blowdown step 
in the 13X bed is to eliminate most of the nitrogen from the zeolite bed while 
conserving CO2 in the bed to increase its purity and recovery in the evacuation step. 
In case of this silica gel bed, the blowdown step serves the same purpose of removing 
adsorbed moisture from the bed and hence the blowdown is done in the same 
direction as the evacuation. 
4. Evacuation: The silica gel bed is evacuated in the reverse direction to further remove 
moisture from the bed. The 13X bed is also evacuated in the reverse direction to 
obtain the CO2 product. 
In the sequence of operation of the 2-bed VSA process, the only coupled step 
is the high pressure adsorption step, where the exit stream of the first 
column is the feed to the second column. Therefore, the duration of the high 
pressure adsorption step in both the columns should be the same. The 
blowdown and evacuation steps in both the beds are uncoupled and different 
durations in the two beds are possible. The duration of the light product 
pressurization step is dependent on the exit flow rate of the effluent 
stream from the adsorption step. At least two units of the two-bed scheme in Figure 6.6 will 
be necessary to conduct LPP directly using the product from another 13X bed. The feeding 
will still remain intermittent. Multiples of the two columns packed with two different 
adsorbents will be necessary to make the feeding continuous.  
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The adsorption isotherms of CO2 and N2 in silica gel were presented in chapter 3. The 
isotherms of water vapour were obtained from the work of Wang and LeVan (2009). The 
CO2 adsorption isotherms on Zeochem silica gel from our lab scale measurements and those 
obtained in the work of Wang and LeVan (2009) on Grace Davison silica gel (grade 40) were 
compared and comparable adsorption capacities were observed in the two materials in the 
pressure range covered, as seen from Figure 6.7. Therefore, it appeared reasonable to 
combine our CO2 data on silica gel with the moisture from the work of Wang and LeVan 
(2009).  A dual-site Langmuir model was used to fit the experimental isotherm data for water 
vapour on silica gel and the isotherms are shown in Figure 6.8. The corresponding isotherm 
parameters are given in Table 6.1. By comparing moisture capacity of silica gel in Figure 6.8 
with its CO2 capacity in Figure 6.7, it is clear that capacity for water vapour is considerably 
higher than the capacity for CO2, thus confirming the advantage of using silica gel over 13X 
to remove moisture. Competition from moisture outweighs the advantage of 13X zeolite for 
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Figure 6.6: Schematic of the proposed dual adsorbent, 2-bed, 4-step VSA process for CO2 capture and 
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Figure 6.8: H2O adsorption isotherms in Grace Davison silica gel. The lines denote model fit. 
6.3.1. Simulation of the dual adsorbent, 2-bed, 4-step VSA process 
In the simulations, the silica gel bed is assumed to be at low pressure (PL) initially and the 
13X bed was considered to be at high pressure (PH) saturated with the light component. The 
silica gel bed was pressurized with feed and this step was followed by the high pressure 
adsorption step, where the output from the first column was the input to the second column 
which simultaneously underwent the high pressure adsorption step. The exit stream data from 
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the high pressure adsorption step of the second column was then stored in a buffer and was 
used for the light product pressurization step in the subsequent cycle. The simulations were 
carried out using 30 finite volume elements in MATLAB. The same cyclic steady state 
criterion mentioned in section 6.2 was also used here. 
In the dual adsorbent, 2-bed, 4-step VSA process, the purity of CO2 was the average CO2 
content in the evacuation stream from the 13X bed. The recovery of CO2 was the fraction of 
CO2 fed to the silica gel column during pressurization and high pressure adsorption that was 
recovered from the 13X bed in the evacuation step. The energy consumption was the sum of 
the energy consumption in the blowdown and evacuation steps in both the columns 
normalized with respect to the amount of CO2 from the 13X bed in the evacuation step. The 
productivity was calculated based on the amount of CO2 from the 13X bed in the evacuation 
step normalized with the total cycle time but only with zeolite 13X bed volume. The above 
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Amount of CO  in Evacuation step from 13X bed

     (6.5)                                         
2Amount of CO  in  Evacuation step from 13X bedProductivity = 
Volume of 13X adsorbent x total cycle time in 13X bed
         (6.6)                   
The following operating condition from the Pareto of the basic 4-step was first chosen to 
understand the performance of the proposed dual adsorbent, 2-column, 4-step VSA process: 
tads=73.25 s, tbd=30.48 s, tevac=174 s, PI=0.11 bar, PL=0.015 bar and V0=0.72 m/s. For the 
operating condition, 95% purity and 90% recovery were achieved with an energy 
consumption of 211 kWh/tonne CO2 captured. Initially, the length of both the beds, silica gel 
and 13X beds, were chosen to be 1m. It can be seen from Figure 6.9 (a) that the purity and 
recovery values were very low (59% purity and 21% recovery) when the length of the silica 
gel column was 1m. This is due to the fact that most of the CO2 was retained in the desiccant 
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bed, which resulted in a lower recovery. Correspondingly, the energy consumption was also 
high (1030 kWh/tonne CO2), as seen from Figure 6.9 (b). The energy consumption was 
predominantly due to the evacuation steps in the two columns. By decreasing the length of 
the silica gel bed, it was possible for CO2 to reach the 13X bed which resulted in the 
improvement in its purity and recovery in the evacuation step from that bed. The energy 
consumption decreased with decreasing silica gel bed length, as shown in Figure 6.9 (b). 
Under these operating conditions, the best results obtained were 91% purity, 96% recovery 
with an energy consumption of 207 kWh/tonne CO2 captured when the silica gel bed length 
was 0.2 m.  According to Figure 6.9 (b), decreasing energy consumption in the silica gel bed 
with its decreasing length was the main reason for the decrease in the overall energy 
consumption.    
It was possible to achieve 95% purity and 90% recovery when the blowdown and evacuation 
pressures of the second column were 0.09 and 0.03 bar respectively (with the other operating 
conditions kept fixed to the previous values). In this case, the total energy consumption was 
184 kWh/tonne CO2 captured, which was less than the minimum energy consumption values 
achieved in 4-step VSA cycle with LPP for wet flue gas on 13X zeolite alone. Hence, 
detailed optimization of the dual adsorbent, 2-bed, 4-step VSA process was felt necessary 
reach its minimum energy limit. 
6.3.2. Optimization of 2-bed 4-step VSA process 
In the previous section, it was possible to attain a lower energy configuration with the dual 
adsorbent, 2-bed, 4-step VSA process compared to the 4-step VSA process with LPP with 
only 13X zeolite. To identify an operating configuration with minimum energy consumption, 
multi-objective optimization was performed using genetic algorithm (GA) in MATLAB. The 
duration of the adsorption step in both the columns were considered to be identical. The 
pressurization step duration in the first column was kept fixed at 20 s and the duration of the 





Figure 6.9: (a) Purity-Recovery from the 13X bed and (b) energy consumption in the dual adsorbent, 2-bed, 4-
step VSA process as a function of silica gel bed length. Bd denotes blowdown and Ev denotes Evacuation. 
from the high pressure adsorption step. Therefore, there were 11 decision variables in total, 
tads (same for the two columns), tbd, tevac (different in 2 columns), PI, PL (different in 2 
columns), inlet feed velocity (V0), and the length of the silica gel bed (BL). The bounds for 
each of the decision variables are provided in Table 6.7. In the optimizer, the population size 
was chosen to be 10 times the number of decision variables while using 60 generations. Like 
the optimization for the single column, normalised energy consumption and the inverse of 
productivity were used as the objective functions. A constraint was also imposed on the 
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maximum exit concentration of moisture from the first bed during the high pressure 





H Oy ppm           (6.7) 
Table 6.7: Bounds for the decision variables used in the optimization of the dual adsorbent, 2-bed, 4-step VSA 
process. 
 Column 1 Column 2 
























20 30 30 0.05 0.03 0.1 0.1 30 30 0.05 0.03 
Upper 
bound 
150 200 200 0.5 0.05 1 2 200 200 0.5 0.05 
 
The results from the optimization are shown in Figure 6.10. The dual adsorbent, two-bed, 4-
step process was able to perform better in terms of the energy consumption. The minimum 
energy consumption in the proposed new cycle for 95% purity and 90% recovery was 177 
kWh/tonne CO2 captured with a productivity of 1.82 tonnes CO2/m
3
 adsorbent/day. This is 
considerably lower than the energy consumption values obtained in the 4-step VSA process 
with LPP for capturing CO2 from a wet flue gas using only 13X zeolite. The operating 













































 LPP (0.03 bar dry)
 LPP (0.03 bar wet)
 2 column
 
Figure 6.10: Energy-Productivity Pareto for basic 4-step VSA, 4-step VSA with LPP and two bed VSA process 
satisfying 95% purity and 90% recovery constraints. The lower bound of evacuation pressure PL=0.03 bar. 
Table 6.8: Operating conditions for the minimum energy consumption. 
 Column 1 Column 2 






















 46.20 42.21 46.02 0.48 0.30 0.41 0.70 56.30 101.20 0.07 0.03 
 
The CO2 and H2O bed profiles for the operating conditions corresponding to the minimum 
energy consumption are shown in Figures 6.11 and 6.12. It can be seen from Figure 6.11 (b) 
that most of the water was retained in the silica gel bed and the stream entering the second 
column was practically dry. Due to the light product pressurization step in the 13X column, 
the CO2 concentration did not exhibit long tails (see Figure 6.12 (a)), which reduced CO2 loss 
thereby increasing recovery. This also permitted to lower the blowdown pressure to achieve 
very high purity values. The very small amount of water (<20 ppm) was concentrated in a 



































































Figure 6.11: Gas and solid phase composition profiles of (a) CO2 and (b) water vapour in the silica gel column 
of the dual adsorbent, 2-bed, 4-step process at cyclic steady state when operated at the conditions of minimum 
energy. Column 1: tads = 46.2 s, tbd = 42.2 s, tevac = 40 s, PI = 0.48 bar and PL = 0.3 bar  Colum 2:  tads = 46.2 s, tbd 
= 56.3 s, tevac = 101.2 s, PI = 0.07 bar  and PL = 0.03 bar. The length of the silica gel bed and inlet feed velocity 





































































Figure 6.12: Gas and solid phase composition profiles of (a) CO2 and (b) water vapour in the 13X column for 









Using a non-isothermal, non-isobaric model, the CO2 capture from a wet flue gas containing 
15% CO2, 3% moisture and 82% nitrogen was studied and the following conclusions were 
drawn from this chapter: 
1.  A non-isothermal, non-isobaric model was used to simulate the 4-step VSA process with 
light product pressurization (LPP) to study the capture of CO2 from a wet flue gas on 13X 
zeolite. It was seen that in presence of moisture, the CO2 front moved deeper in the column 
owing to the high capacity of water vapour, which resulted in increased losses in the high 
pressure adsorption and blowdown steps, thereby reducing the recovery. An increase in the 
overall energy consumption was observed and this was due to the additional energy necessary 
to remove moisture from the column. 
2. Using genetic algorithm in MATLAB, the 4-step VSA cycle with LPP for CO2 capture and 
concentration from wet flue gas on 13X zeolite was optimized to obtain operating conditions 
for minimum energy penalty subjected to 95% purity and 90% recovery constraints. This 
cycle was able to achieve the desired purity-recovery values with an energy consumption of 
185 kWh/tonne CO2 at a productivity of 1.14 tonne CO2/m
3
 adsorbent/day when the 
evacuation pressure (PL) was 0.03 bar.  This is considerably higher than the minimum energy 
consumption of 154 kWh/tonne CO2 captured in the 4-step VSA process with LPP for 
capturing CO2 from a dry flue gas. In case of the basic 4-step VSA process, it was also 
possible to achieve 95% purity and 90% recovery, but the evacuation pressure (PL) had to be 
reduced to 0.01 bar resulting in a rise in the minimum energy consumption to 206 kWh/tonne 
CO2 captured.  
3. In addition to the single column VSA process using only 13X zeolite, a new dual 
adsorbent, 2-bed, 4-step VSA cycle in which the two adsorbents, silica gel and 13X, were 
packed in two columns, was proposed  for CO2 capture and concentration from wet flue gas. 
A detailed analysis of the cycle was also carried out. The objective of employing the a 
separate desiccant bed was to reduce the energy consumption of the wet flue gas process on 
13X and overcome the problem of dehumidifying concentrated CO2 encountered in a layered 
bed where 13X zeolite is placed on top of a layer of a desiccant in the same column. Genetic 
algorithm based optimization was carried out to obtain the operating configuration 
corresponding to the minimum energy penalty in the proposed new cycle. In this case, the 
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minimum energy consumption to capture 90% of CO2 at 95% purity was 177 kWh/tonne CO2 
captured with a productivity of 1.82 tonne CO2/m
3
 adsorbent/day. The evacuation pressure PL 
was 0.03 bar. The silica gel to 13X zeolite bed length ratio was 0.41. 
4. Improvement in the productivity of the 13X column in the proposed new cycle over the 
productivity of the 4-step cycle with LPP for wet flue gas directly on 13X is more than the 
silica gel to 13X bed length ratio. Hence the proposed the former shows promise for both 



















CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
The present study was undertaken to design and develop an adsorption based process to 
capture and concentrate CO2 from a wet flue gas. This involved the measurement of 
adsorption equilibrium, pilot scale demonstration of CO2 capture and modeling and 
optimization of VSA processes. Specific conclusions from the experimental and theoretical 
studies in this work are reported in this chapter. Additionally, recommendations for future 
work are also presented. 
7.1. Conclusions 
1. The adsorption isotherms of CO2 and N2 on Zeochem zeolite 13X and silica gel were 
measured using a RUBOTHERM magnetic suspension balance and it was seen that 
CO2 showed a much stronger adsorption capacity than nitrogen in both the 
adsorbents. The capacity of CO2 in zeolite 13X was much higher than in silica gel. 
The adsorption isotherms of CO2 on zeolite 13X was well described by a dual-site 
Langmuir model. Single site Langmuir model was able to describe the adsorption of 
N2 in zeolite 13X and CO2 and N2 in silica gel. 
2. The single component adsorption isotherms of CO2 and N2 were verified by 
performing dynamic column breakthrough experiments with helium as inert carrier 
and mass balance was performed to obtain the equilibrium loading. The results 
showed good agreements with isotherms obtained by gravimetry. Binary 
breakthrough experiments were then performed to study the competitive adsorption of 
CO2 and N2 in zeolite 13X and silica gel. It was shown that, the extended dual-site 
Langmuir isotherm obtained from the single component isotherm parameters were 
able to predict the binary adsorption capacity. 
3. Breakthrough experiments were then conducted in a pilot plant equipped with 0.867 
m columns, which were packed with 41kg of the adsorbent using a synthetic dry flue 
gas containing 15% CO2 and 85% N2. The temperature profiles in the breakthrough 
experiments exhibited long plateaus which are characteristic of an adiabatic system. 
The breakthrough experiments also showed good reproducibility suggesting that the 
column had retained its capacity even after repeated cycling. It was also shown that 
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regeneration of the column carried out by evacuation followed by nitrogen purge was 
very effective. 
4. Using the synthetic dry feed, basic 4-step VSA and 4-step VSA with light product 
pressurization (LPP) experiments were then performed in the pilot plant with the 
concentration, pressure, flow and temperature profiles tracked with cycle. In the basic 
4-step VSA experiments, the effect of adsorption time and blowdown pressure on 
CO2 purity and recovery were studied. The best performance achieved for the basic 4-
step VSA cycle was 96% purity, 86% recovery with a productivity of 1.16 tonne 
CO2/m
3
 adsorbent/day and an energy consumption of 472 kWh/tonne CO2. With the 
implementation of LPP, 95% purity and 90% recovery were possible with a 
productivity of 1.17 tonne CO2/m
3
 adsorbent/day and an energy consumption of 475 
kWh/tonne CO2 captured. The results from the VSA experiments conducted in our 
pilot plant were compared with published pilot plant studies. Our pilot plant study was 
the first to achieve 95% purity and 90% recovery in a single stage. 
5. The pilot plant experiments were then used to validate a non-isothermal, non-isobaric 
model for adsorption process. The model equations were discretized in space using 
high-resolution finite volume technique and the resultant system of ordinary 
differential equation (ODEs) were solved in MATLAB using stiff ode solver ode23s. 
Good agreements were observed between the experimental and theoretical profiles. In 
the simulations, the energy consumptions in the blowdown and evacuation steps were 
calculated using conventional adiabatic compression equations assuming a pump 
efficiency of 72%. However, an efficiency of 30% was able to describe the energy 
consumption values obtained by direct measurements in the pilot plant. 
6. The validated model was then extended to a ternary system to study the capture of 
CO2 from a wet flue gas stream containing 15% CO2 in 82% N2 and 3% moisture. 
The 4-step VSA process with light product pressurization (LPP) was optimized using 
genetic algorithm in MATLAB, for 95% purity and 90% recovery constraints, with 
the lower bound of the evacuation pressure kept at 0.03 bar. The minimum energy 
consumption in a 4-step VSA process with LPP involving a wet flue gas was 185 
kWh/tonne CO2 captured and the corresponding productivity was 1.14 tonne CO2/m
3
 
adsorbent/day. This energy consumption value was much higher than 154 kWh/tonne 
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CO2 captured reported for CO2 capture from dry flue gas. The increase in energy 
consumption was due to the additional energy required to remove the strongly 
adsorbed water vapour from the column which was concentrated in a narrow zone 
close to the feed inlet. 
7. A dual adsorbent, 2-bed, 4-step VSA process with silica gel and zeolite 13X packed in 
two separate columns was proposed to study the capture of CO2 from wet flue gas. 
The main objective was to reduce the energy consumption of the VSA process and to 
prevent the humidification of CO2 obtained in the evacuation step. Detailed 
optimization studies were carried out to obtain the minimum energy consumption in 
this cycle configuration. In this case, the minimum energy consumption to capture 
90% of CO2 at 95% purity was 177 kWh/tonne CO2 captured with a productivity of 
1.82 tonne CO2/m
3
 adsorbent/day. The silica gel to 13X zeolite bed length ratio was 
0.41. The improvement in productivity in the 13X column over the productivity of the 
single column 4-step VSA cycle with LPP was greater than ratio of the bed lengths of 
silica gel and zeolite 13X. Therefore, this cycle was promising in terms of energy 
consumption as well as smaller plant footprint. 
7.2. Recommendations for future work 
The following recommendations can be considered for future studies on CO2 capture from 
flue gas by vacuum swing adsorption: 
1. In our present study, the adsorption isotherms of water vapour were extracted from 
literature (Kim et al., 2003; Wang and Levan, 2009). The moisture isotherms reported 
in these studies were confined to very low pressures upto 0.03 bar. In chapter 1 it was 
shown that the flue gas may contain upto 12% moisture at 50°C and therefore it is 
highly desirable to obtain isotherms of water vapour in silica gel at higher pressures in 
order to study the proposed dual adsorbent, 2-bed, 4-step VSA process study to higher 
water compositions. The adsorption equilibrium can be obtained by performing 
parameter independent isotherm inversion of the single component water 




2. In the pilot plant study, CO2 capture from a synthetic dry flue gas was experimentally 
demonstrated. It is also worthwhile to experimentally demonstrate the CO2 capture 
from a wet flue gas using the proposed 2-bed, 4-step VSA process which had shown 
some improvement in terms of the energy consumption with respect to a 4-step VSA 
process with LPP in a single column packed with 13X alone.  
3. Very recently, metal organic frameworks (MOFs) like SIFSIX-2-Cu-i and SIFSIX-3-
Zn have been shown to exhibit high CO2 selectivity even in the presence of moisture 
(Nugent et al., 2013). The isotherm information in these materials can be extracted 
and detailed optimization studies to assess the performance of the VSA process using 
these MOFs is an area which is worth investigating. The performance of the VSA 
cycles employing these MOFs can be compared with that of the 4-step VSA process 
with LPP using zeolite 13X as the adsorbent and the proposed dual adsorbent, 2-bed, 
4-step VSA process. 
4. Detailed cost analysis may be carried out to study the cost of CO2 capture by vacuum 
swing adsorption process by taking into account all the components of capital and 
operating costs and comparing it with other capture technologies like absorption and 
membranes could be another interesting future work. Recently Susarla et al.(2014) 
had adopted and surrogate model (kriging based optimization) for detailed cost 
analysis for CO2 capture from a dry flue gas using a 4-step VSA process with LPP 
with zeolite 13X as the adsorbent. This approach can be adopted as a first step to 
carry out cost analysis of the proposed VSA process. 
5. In our study, we had employed 1-2 columns to study the post combustion CO2 
capture. However, in real scenario, the pilot plant emits about 10000 tonnes/day of 
CO2 and therefore large number columns might be required for capture. Therefore, it 
is necessary to schedule multiple columns to process continuous feed. Scheduling of 
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CALIBRATION OF FLOW CONTROLLERS AND FLOW METERS 
Before each experiment, flow controllers and flow meters were calibrated for the sake of 
accuracy.  In the breakthrough set up, dedicated flow controllers for CO2, N2 and He were 
available. Therefore, the calibration was carried out for the individual gases. First of all, a set 
point was provided to the flow controller through the LABVIEW software. The set point was 
compared with the value obtained from the flow calibrator. The same procedure was carried 
out for different set points and the calibration curve was obtained by plotting the set points 
against the reference measurements. The calibration curves for the flow meters were obtained 
by comparing the flow meter readings at a given set point and the values from the flow 
calibrator. The calibration curves are provided in Figures A1 to A3 and the equations are 
provided in Table A1. 
 





Figure A.2. Calibration curves of (a) flow controller and (b) flow meter for CO2. The line denotes the calibration 
equation. 
 
Figure A.3. Calibration curves of (a) flow controller and (b) flow meter for N2. The line denotes the calibration 
equation. 
Table A.1. Calibration equations for the flow controllers and flow meter. 
Gas Equation 
 Flow controller Flow meter 
Helium Q=1.004 SP - 0.002 Q=1.606 q - 0.067 
CO2 Q=0.959 SP + 0.016 Q=0.782 q - 0.017 
N2 Q=0.719 SP - 0.035 Q=1.076 q - 0.062 
SP denotes set point and q denotes the reading of the flow meter 
For gas mixtures, the mixture flow rate is obtained by using an appropriate mixture factor (MF). The 









          (A.1) 
In the above equation, CF is the conversion factor for each individual gas and yi is the corresponding 
mole fraction. The conversion factors are listed in Table A.2 










Table A.2: conversion factor for various gases. 



















Figure B.1: Representative snapshots from the pilot plant. Left top: The vacuum pumps and compressors located outside of the pilot plant building. Piping coming out 
through the wall are clearly seen. Let bottom: Box containing the electrical switches and status indicator lights for the pumps and the compressors. Also seen in the picture is 
the other side of the piping going through the wall. Centre: The main panel with the columns, pipings, solenoid valves, sensing devices and controllers. Top right: Screen shot 
of the input panel of the Wonderware software. Right bottom: PLC box and the computer.   
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